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This thesis reports on the formation of Pt nanocrystals (NC) embedded in 
amorphous Si02 by ion implantation and the subsequent changes in shape, size and 
structure induced by swift heavy ion irradiation. 
The growth and structure of Pt NCs formed by ion implantation have been 
investigated as a function of the annealing conditions. Transmission electron 
microscopy (TEM) and small-angle x-ray scattering (SAXS) measurements 
demonstrated the annealing ambient has a significant influence on NC size. Samples 
annealed in either Ar, O2 or forming gas (FG, 95% N2 : 5% H2) at temperatures ranging 
from 500-1300 °C formed spherical NCs with mean diameters ranging from 1-14 nm. 
For a given temperature, annealing in Ar yielded the smallest NCs. O2 and FG ambients 
produced NCs of comparable size though the latter induced H chemisorption at 1100°C 
and above, as verified with x-ray absorption fine structure (XAFS) spectroscopy. This H 
intake was accompanied by a bond-length expansion and increased structural disorder in 
NCs of diameter > 3 nm. The latter was also observed in NCs of smaller sizes, 
regardless of annealing ambient, together with a size dependent bond-length 
contraction. 
The influence of defects produced in the Si02 on the size of Pt NCs has also 
been investigated. Thin Si02 films were irradiated with high-energy Ge ions then 
implanted with Pt ions. Without Ge irradiation, the largest Pt NCs were observed 
beyond the Pt projected range. With irradiation, Ge-induced structural modification of 
the Si02 layer yielded a decrease in Pt NC size with increasing Ge fluence. A defect-
mediated NC nucleation mechanism was proposed and a simple yet effective means of 
modifying and controlling the Pt NC size is demonstrated. 
The vibrational and thermal properties of embedded Pt NCs have been studied 
with temperature-dependent extended x-ray absorption fine structure (EXAFS) 
spectroscopy. NCs of diameter 1.8-7.4 nm were analysed over the temperature range 
vn 
20-295 K. An increase in Einstein temperature ( -194 K) relative to that of a Pt standard 
( -179 K) was evident for the smallest NCs while those larger than - 2 . 0 nm exhibited 
values comparable to bulk material. Similarly, the thermal expansion of interatomic 
distances was lowest for small NCs. While the amorphous SiOi matrix restricted the 
thermal expansion of interatomic distances, it did not have a significant influence on the 
mean vibrational frequency of embedded Pt NCs. Instead, the latter was governed by 
finite-size effects or, specifically, capillary pressure. 
Pt NCs were irradiated with Au ions in the energy range 27-185 MeV. SAXS 
and TEM were used to characterize an irradiation-induced shape transformation within 
the NCs. A transformation from spherical to rod-like shape with increasing irradiation 
fluence was observed for NCs larger than an energy-dependent threshold diameter 
which varied from 4.0 to 6.5 nm over 27 to 185 MeV. NCs smaller than this threshold 
diameter remained spherical upon irradiation but decreased in size as a result of 
dissolution. The latter was more pronounced for the smallest particles. The minor 
dimension of the transformed NCs saturated at an energy-dependent value comparable 
to the threshold diameter for elongation. The saturated minor dimension was less than 
the diameter of the irradiation-induced molten track within the matrix. We demonstrated 
that Pt NCs of diameter 13 nm reach saturation of the minor dimension beyond a total 
energy deposition into the matrix of 20 keV/nm^. 
In addition to shape transformation, NC dissolution was observed. SAXS 
measurements showed a decrease in the total NC volume with increasing energy 
deposited into the matrix. H-containing NCs with - 8 nm mean diameter exhibit a 
significant reduction in H content after low-intermediate SHII fluences, while NCs with 
- 1 4 nm mean diameter show lesser dissolution at such fluences. These differences were 
explained based on the energy per Pt atom after SHII, which is less the required for H 
desorption for the latter. EXAFS analysis showed that structural parameters 
(coordination number, bond-length and mean-square relative displacement) were 
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WHY NANOCRYSTALS ARE INTERESTING 
This chapter is an introduction to the research work presented in this thesis. A brief 
historical overview is followed by a general discussion of the characteristics and 
applications of Pt nanocrystals. The motivation for the thesis research is presented, as 
is a brief outline. 
CHAPTER I - Why nanocrystals are interesting 
1 . 1 - Introduction 
Nowadays we are well accustomed to the concept of "nano", which refers to 
dimensions of lO'^m, but fifty years ago, when computers were as big as a room, this 
concept was not in vogue. Nevertheless, the idea of very small things was already 
inspiring. In his talk entitled "There's plenty of room at the bottom", in December 1959, 
Richard P. Feynman shared some interesting thoughts with his audience:' 
"... As we go down in size, there are a number of interesting problems 
that arise. All things do not simply scale down in proportion....What 
would the properties of materials be if we could really arrange the atoms 
the way we want them?... I can't see exactly what would happen, but I 
can hardly doubt that when we have some control of the arrangement of 
things on a small scale we will get an enormously greater range of 
possible properties that substances can have, and of different things that 
we can do... A friend of mine suggests a very interesting possibility for 
relatively small machines. He says that, although it is a very wild idea, it 
would be interesting in surgery if you could swallow the surgeon..." 
Indeed, as we go down in size the properties of materials change and new 
applications arise. Miniaturized surgeons may still need some time to become reality, 
but in the meantime nanostructures with the capability of targeting specific tissues have 
been developed and are already in used for disease diagnostics and drug delivery.^ 
Metallic nanocrystals (NCs) embedded in a dielectric matrix have potential applications, 
for example, in optical filters and switching devices due to their linear and non-linear 
optical properties.^ Pt NCs on a supporting scaffold have been widely investigated for 
their important catalytic applications including the reduction of pollutant gases in 
automobile exhaust.^ These are just a few examples of the fascinating NC capabilities, 
which to be fully exploited need to be thoroughly understood. 
The present thesis aims to contribute to the understanding of a very small 
portion of this new world, with the study of Pt NCs formed by ion implantation in 
amorphous Si02 and the changes in shape, size and structure induced by swift heavy ion 
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irradiation. This introductory chapter highhghts the main reasons why NCs have 
different properties than their bulk counterparts, starting with a brief historical overview 
followed by some examples of reported and promising applications. 
1 . 2 - Historical overview 
Nanocrystals have been used by artisans for a very long time, although they 
were not aware of that. One of the oldest examples is the Lycurgus cup, a dichroic glass 
cup with a mythological scene from the 4th century AD, probably made in Rome and 
currently on display at The British Museum in London.^ The glass contains tiny 
amounts of colloidal gold and silver, and turns from opaque green to a glowing 
translucent red when light is shone through it, as can be seen in Fig. 1.1. The earliest 
explanation for such unusual optical properties was given much later, by Michael 
Faraday^ in 1857. NCs were also found in Mesopotamian pottery from the 9th century 
AD, where Ag and Cu NCs were later identified as the source of a glittering effect on 
the surface.^ 
Fig. 1 . 1 - Lycurgus cup ' (a) and the change in color when light is shone through it (b). 
The term "nanometer" was first used to characterize particle sizes in the 
beginning of the 20th century by Richard Adolf Zsigmondy, who studied Au particles 
and other nanomaterials with sizes of approximately 10 nm.'" Innumerous experimental 
and theoretical works have been developed during the 20th century, demonstrating and 
explaining many of the interesting characteristics presented by nanometer sized 
particles. As an example we cite the works of Frohlich" in 1937, which describe the 
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creation of a discrete electronic energy spectrum when metallic particles become 
sufficiently small. In the 1960's, Kubo and Kawabata'^' calculated a number of 
electronic properties of small metallic particles, including the low-temperature specific 
heat. A decade later, Buffat and Borel'"^ demonstrated the decrease in the melting 
temperature of Au particles with decreasing particle size, evidencing the changes in the 
physical properties of materials when dimensions approach the nanometer range. 
Ion implantation was first used for NC fabrication by Arnold and Borders'^' in 
the 1970s, but it was in the 1990s that it became an important tool in this area, due to 
the increasing interest in optical filters and switching devices and their technological 
implications (discussed in the following sections).'^' Many other experimental 
techniques like chemical synthesis, vapor condensation and sputtering deposition can 
also be used for NC fabrication, the choice of which relies mainly on the particular 
application. 
Swift heavy ion irradiation (SHII) has been an important tool in the 
transformation of m a t e r i a l s . E l o n g a t i o n perpendicular to the ion beam direction was 
first reported for metallic glass in the early 1980's by Klaumiinzer and Schumacher,'^ 
and then observed later in a series of amorphous semiconductors and insulators, 
including Si02.^^ The first reports regarding SHII of metallic NCs (embedded in a 
dielectric matrix) were published in 2003 by D'Orleans and co-workers,^'' where 
elongation parallel to the incident ion beam was observed for Co NCs embedded in 
amorphous Si02 (a-Si02). Changes in the magnetic properties of the system were also 
observed due to the anisotropy in the NC shape and their high degree of alignment. 
These results launched a series of studies involving metallic NCs and swift heavy ions, 
in an attempt to explain the mechanisms responsible for the changes in shape, size and 
structure induced by SHII,^^"^^ as well as the interesting properties that arise from such 
changes, which will be discussed in the following sections. 
1.3 - What makes NCs different? 
1.3.1 - Surface-to-volume ratio 
The total number of atoms forming a NC scales linearly with its volume. The 
fraction of atoms at the surface, which is proportional to the surface area of the NC 
4 
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divided by its volume (surface-to-volume ratio), increases with decreasing NC 
dimensions. The schematics in Fig. 1.2 show a NC with a total of (a) 10 atoms (all of 
which are at the surface), (b) 92 atoms (74 at the surface) and (c) 792 atoms (394 at the 
surface). The diameter of the particle shown in Fig. 1.2(c) is approximately twice the one 
shown in Fig. 1.2(b), which is about twice the one in Fig. 1.2(a). 
Fig. 1.2 -Schematics of NCs formed by (a) 10 atoms, (b) 92 atoms and (c) 792 atoms, (figure extracted 
from Frenkel et al.^^) 
Atoms at the surface have fewer direct neighbors than atoms in the bulk. 
Therefore, NCs with a large fraction of surface atoms have a low mean coordination 
number (CN). The termination of the lattice periodicity in the direction of the surface 
normal creates a surface potential barrier (or work function), which is the energy 
separation between the vacuum level (for free-standing NCs) or the potential of the 
elements in the matrix (for embedded NCs) and the Fermi energy. The work function 
depends on the charge density in the surface region and consequently on the valence 
state of the surface atoms. It can be reduced through reaction with electronegative atoms 
(like N or O) or increased, for example, in the presence of H-like bonding. 
Properties that are influenced by surface related effects scale linearly with the 
inverse NC diameter (or surface-to-volume ratio), as the average CN, cohesive energy, 
melting point, capillary pressure, among others.^^ It is important to point out that such 
values may vary locally, as they are usually different for an atom at the surface or in the 
interior of the NC, but their average value reflect the linearity with the inverse NC 
diameter, approaching the corresponding bulk value for large NCs. 
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13.2 - Quantum confinement 
Bulk metals and semiconductors differ from isolated atoms and molecules in a 
way that the atomic orbitals are no longer discrete, but form extended band structures. 
Each atom contributes with its atomic states to a band while the core orbitals remain 
localized, confined to a relatively small volume. The density of states (DOS) is 
proportional to the number of atoms per eV. Hence, the DOS is very large for bulk 
matter (-Avogadro's number) but considerably lower for small clusters, scaling with 
NC size. Discontinuities appear when the states are populated with electrons: for highly 
symmetric systems there are degenerate states, and when one of these states is filled the 
next electron must occupy the next state of higher energy. These discontinuities are 
blurred when an additional atom is added to a highly symmetric system.^"' The 
schematic in Fig. 1.3 illustrates the development of the DOS with cluster size, where Ep 
is the Fermi energy, 5 is the gap between the highest occupied and lowest unoccupied 
states (also called Kubo gap), and keT (Boltzman's constant times temperature) 
represents the thermal energy. 




5 > k „ T 5 » kgi 
Insulating NC atoms and 
molecules 
Decreasing NC Size 
Fig. 1.3 - Evolution of the Kubo gap and the density of states as the number of atoms in a system 
decreases. 
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When electrons get thermally excited across the Kubo gap, a low temperature 
insulator becomes a semiconductor and at higher temperatures a metal. In a similar way, 
the reduction in NC size increases the Kubo gap, thus the electrons require more energy 
to overcome 5 and metal-to-non-metal transitions occur.^^ 
1.4 - NC properties and applications 
NCs have been extensively studied in the past decades in a wide rage of 
disciplines, including medicine, biology, physics, materials engineering and others. 
Among a vast number of NC properties and applications, some are described here to 
illustrate the motivation for the development of this project, in particular the surface 
plasmon resonance and the nonlinear optical properties of metallic NCs embedded in a 
dielectric matrix. A brief overview on the enhanced catalytic activity of NCs is also 
presented, given Pt NCs are widely used for catalysis. 
1.4.1 - Surface plasmon resonance 
Several metallic NCs including Ag, Au and Pt exhibit strong absorption in the 
visible region of the spectrum, due to the collective oscillation of conduction band 
electrons in response to the electrical field of the electromagnetic radiation (light). This 
phenomenon is termed surface plasmon resonance (SPR) given the transient 
displacement of net charges on the particle surface, as illustrated schematically in 
Fig.1.4. 
The frequency of the SPR can be spectrally tuned by changing the NC size, 
shape and environment.^^ When the size of the particle is much smaller than the 
wavelength of the incident light, the NC experiences a field that is spatially constant but 
with a time-dependent phase. Thus the displacement of the charges in a small sphere is 
homogeneous, yielding a dipolar charge distribution on the surface, while for larger 
spherical NCs high multipolar distributions are excited. The particle only absorbs 
energy by the excitation of the surface plasmon resonance. By elongating the NC in one 
direction (Fig. 1.4(b)), a second, lower energy dipolar resonance band is formed in 
addition to that at higher energy associated with the transverse direction. As particles 
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become more complex, other modes can arise with many bands over a broad spectral 
region. 
(b) 
Fig. 1.4 - Schematic illustration of surface plasmon resonance in (a) spherical and (b) elongated NC. (For 
the later, only the transversal electric field is shown.) 
The strong enhancement of the local field around an excited NC leads to a wide 
range of potential applications, including biosensing, optical antennas, plasmonic 
waveguides and surface Raman scattering.^^ 
1.4.2 - Third-order nonlinear optical properties 
A currently active area of research is concerned with all-optical devices that are 
designed to switch and process light signals without converting them to electronic form, 
thus increasing the speed of switching, routing and signal processing. Such devices are 
essentially based on the non-linear optical properties of materials, i.e. changes of the 
refractive index caused by an intense optical beam or by an applied electric field. 
When a light wave propagates through an optical medium, the oscillating 
electromagnetic field exerts a polarizing force on all of the electrons comprising the 
medium. The major polarizing effect is on the conduction electrons, since the inner 
electrons are tightly bound to the nuclei. For an optical field sufficiently intense to drive 
the electrons beyond the quadratic minimum of the interatomic potential (comparable or 
greater than the intra-atomic field (~10'° V/m)), the response becomes increasingly non-
linear. At high photon intensities, the induced fields (which correspond to a significant 
fraction of the particles' internal field) adds to the particles internal field and 
substantially modifies the motion of the charges within the particles altering the nature 
of the polarization within the material. 
C H A P T E R I - Why nanocrystals are interesting 
It has been demonstrated that the inherent non-linear optical response of a 
dielectric host material, such as glass, polymer, etc., may be enhanced by several orders 
of magnitude by the introduction of small semiconductor or metal NCs. The non-linear 
response of NCs arises from saturable absorption at the excitation levels, which 
modifies the quantum states of the electrons and their interaction with applied optical 
fields (due to quantum confinement).'^ 
1.4.3 - Enhanced catalytic activities 
Catalysts mediate the pathways by which chemical reactions occur, enabling the 
highly selective formation of desired products at rates that are commercially viable. 
They are also essential for the reduction of air and water pollution (from automobile 
exhausts, for example).^ 
NCs present reactivity not observed in their bulk counterparts (Pt NCs, in 
particular) given their high surface-to-volume ratio, which makes them interesting for 
catalysis.^^ Their efficiency is determined not only by the fraction of uncoordinated 
atoms, but also by the NC surface structure. Pt NCs serve as an excellent catalyst for 
CO/NOx oxidation in catalytic converters, production of nitric acid, refining of 
petroleum and many organic reactions such as hydrogenations. It is also a critical 
component of the fuel cell technology, acting as the most effective electrocatalyst for 
the oxygen reduction reaction and fuel oxidation reaction (including H, methanol, 
38 ethanol and formic acid). 
1.5 - Motivation for this study 
The development of new technologies based on NCs requires the understanding 
of NC full capabilities. The development of suitable fabrication methods as well as the 
characterization of such systems is thus essential. Although the formation of NCs using 
ion beam synthesis has been extensively developed since the 1 9 7 0 s , ^ ^ Pt NCs 
formed by ion implantation have received scant attention in the literature. To the best of 
the author's knowledge, Pt, Co-Pt and Fe-Pt NCs formed in AI2O3 by ion implantation 
have been reported,'^""'^^ but no record of Pt NCs formed by ion implantation in a-SiOi 
has been found. 
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The recent reports by D'Orleans and co-workers^'^' on deformation of Co 
NCs embedded in a-Si02 by means of swift heavy ion irradiation (SHII) have motivated 
a variety of studies around the world on the SHII of embedded metalhc "" 
as well as reviving the interest in changes induced by energetic ions in a-SiOi."''^"''^ The 
elongation of metallic NCs in the direction parallel to the incident beam offers the 
possibility of tailoring NCs properties by changing their shape, especially taking 
advantage of the high degree of alignment observed after irradiation. Although the 
formation of non-spherical NCs is also possible using other methods (like chemical 
synthesis), the non-spherical NCs are usually randomly oriented. Given many of the NC 
properties are size dependent and the majority of the experimental techniques used in 
NC characterization rely on the measurement of an ensemble of NCs (thus returning an 
average value for the quantity in question), the results are usually degraded by the 
broadening of the average size distributions. Using SHII the elongated NCs can be 
characterized in different directions, parallel and perpendicular to the incident beam, for 
example. The same is valid for several NC properties like magnetization and surface 
plasmon resonance, whose results depend on the orientation of the s a m p l e s . ^ ^ 
The study of Pt NCs in a-SiOi was motivated by the potential applications that 
metallic NCs embedded in a dielectric matrix present. In the search for fabrication 
conditions that minimize the broad size distribution usually observed in NCs formed by 
ion implantation, parameters like ion fluence, annealing temperature and ambient were 
tailored. The influence of defects produced in the a-Si02 matrix was also evaluated. 
SHII was used to modify the NC size and shape, which together with other parameters 
like structure, atomic disorder, thermal vibration, contaminants, were analyzed by 
means of transmission electron microscopy (TEM), small-angle x-ray scattering 
(SAXS), x-ray absorption fine structure (XAFS) (near-edge and extended regions), 
among other techniques. 
1.6 - Brief outline of the thesis 
The thesis is organized in the following sequence: 
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Chapter I provides an introduction and motivation for the research 
developed for this thesis, with the description of some important applications 
for which NCs can be used; 
Chapter II describes the laboratory-based experimental techniques used for 
the NC fabrication and analysis, namely ion implantation and swift heavy 
ion irradiation, Rutherford backscattering spectrometry (RBS) and TEM; 
Chapter III describes the synchrotron based experimental techniques, 
namely SAXS and XAFS; 
Chapter IV explains the sample preparation and data analyses methods; 
Chapter V presents results on Pt NC formation; 
Chapter VI presents results on the SHII of Pt NCs; 
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This chapter describes the laboratory-based experimental techniques used for the 
research outlined in this thesis, namely ion implantation and irradiation, Rutherford 
backscattering spectrometry (RBS) and transmission electron microscopy (TEM). 
Background theory for each technique is included, as well as a description of the 
equipment and procedures involved in the experiments. 
CHAPTER II - Laboratory-based techniques 
2.1 - Ion implantation and irradiation 
Ion implantation is a technique generally used to modify the properties of a solid 
by embedding appropriate atoms into a substrate in the form of ionized particles.' The 
first works regarding the use of energetic ions as a tool, rather than a troublesome side-
effect, appeared in the early 1950s,^' led by the development of the first transistor in 
1948, and consequently the need to introduce electrically-active impurities into 
semiconductors. In 1961, Bredov et al!^ established a distinction between doping and 
damaging effects produced by ion implantation, observed during O and N implantation 
in Ge. Since then, ion implantation has been used for a great variety of purposes, from 
industrial applications like doping of semiconductors to fundamental physics studies 
including, of course, nanocrystal (NC) formation. 
In the 1970s, Arnold and co-workers^' ^ were the first to report the formation of 
Au and Ag NCs in silica glass using ion implantation. Only two decades later the 
properties of nanocomposite materials began to be exploited, generating a vast number 
of studies that continuously increased over the years.'" ^ Ion implantation became very 
widespread in NC formation, mainly due to the ability to control the depth and 
concentration of implanted ions, as well as the stability offered by the surrounding 
matrix. In addition, it allows any atom/matrix combination with no solid solubility 
limitations. NCs can be formed within a substrate when high-fluence implantation 
creates a solid state supersaturation of impurities (implanted ions).' Post-implantation 
thermal annealing is often required to promote NC growth. 
This section describes the ion implantation technique in the light of NC 
formation and modification. The effects caused by the interaction of energetic ions with 
solid matter can be classified in two main categories: doping and damaging effects. 
Throughout this thesis, the term "ion implantation" will be used when the implanted 
ions are incorporated into the material (doping), at the at.% level. The term "ion 
irradiation", on the other hand, will only be used when the implanted ions completely 
transverse the region of interest and only the effects of the deposited energy are 
considered (damaging). 
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2.1.1 -Ion-matter interactions 
Energetic ions traveling through matter slow down in two distinct ways: 
transferring energy to the nuclei or electrons of the material via elastic and inelastic 
collisions, respectively. The latter results in excitation or ionization of the target atoms 
while the former produces phonons or displaced target atoms, among other defects. 
Which of the two effects dominates depends upon the energy and mass of the 
accelerated ion, as well as the mass and atomic number of the medium.^ Figure 2.1 
shows the nuclear and electronic contributions to the total stopping power (energy loss 
per unit length) as a function of energy for Au ions in Si02 (given Pt and Au masses are 
nearly equal, the energy loss is virtually the same). 




Fig. 2.1 - Nuclear and electronic contributions to the stopping power of Au ions in Si02 as a function of 
energy. The inset shows the same data with a logarithmic scale. 
In this work, ion implantation usually involved energies up to 5 MeV (Pt ions). 
As shown in Fig.2.1, at this energy both elastic and inelastic collisions must be 
considered. For swift heavy ion irradiation (SHII) in the energy range of 20 - 200 MeV, 
on the other hand, the electronic stopping power is significantly higher than the nuclear 
energy loss, hence, the later can be neglected. 
Considering both mechanisms as mutually independent, the total energy loss per 
unit length dEjdx is given by the sum of the individual contributions of nuclear and 
electronic stopping powers + . The range R of an ion in solid matter is usually 
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defined as the distance traveled by the ion (perpendicular to the surface) before coming 
to rest.' It can be defined as: 
R = dE 0 [dEldx] (2.1) 
Figure 2.2 shows simulations of 4.5 MeV Pt ions implanted in Si02 obtained 
from the Stopping and Range of Ions in Matter (SRIM 2008'°' " ) software package. 
Representative ion trajectories and collision cascades are displayed on the left for 1 and 
10 ion impacts, while the depth distributions of implanted ions and recoils (target atoms 
displaced with non-zero kinetic energy) are displayed on the right for a fluence of 
I x l O ' ^ c m l 
1 impact 
T v r ^ 
Pt ions (trajectory) 
Si ions (recoils) 
O ions (recoils) 
Fig. 2.2 - S R I M " simulation of Pt ions implanted in Si02. (left) Schematics of ion trajectories with 
collision cascades; (right) depth profile of implanted ions and recoils. Note the different scales for ions 
(left axis) and recoils (right axis) on the graph. 
The energy transferred to the matrix via electronic energy loss, in the case of Pt 
ions with initial energy 4.5 MeV, has a maximum close to the surface and decreases in 
magnitude as the ion penetrates through the material (see Fig. 2.1). With decreasing 
energy, the nuclear stopping power becomes more pronounced. The nuclear energy loss 
results in displacement of target atoms which in turn may displace other atoms and so 
on, in a process known as a collision cascade. The number of atoms displaced varies as 
a function of depth, reaching a maximum where the maximum nuclear energy is 
deposited, before the peak concentration of implanted ions (projected range). Energy 
can also be dissipated via lattice vibrations, known as phonons, which results when an 
atom receives insufficient energy to be displaced from a lattice site.'^ 
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Both inelastic and elastic interactions can introduce disorder in matter. The 
nature of such defects strongly depends on the kind of material (metal, semiconductor, 
etc.), the structure (crystalline, amorphous, etc.) and the ion energy and mass. Examples 
of irradiation-induced modification in a-Si02 include compaction of the implanted 
l a y e r d u e to changes in the bond-angle and bond-length distributions and the 
formation of defect configurations including O-vacancy centers and non-bridging O-
hole centers.'"'''^ Such processes are dominated by nuclear stopping or elastic 
interactions between the incident ion and target nuclei. At high irradiation energies 
where the energy loss is dominated by electronic stopping, additional irradiation-
induced structural modifications can include anisotropic plastic deformation'^ and latent 
track formation.'^ Changes in shape have been observed in silica colloids (from tens to 
hundreds of nm) under SHII. For increasing irradiation fluence the dimension 
perpendicular to the ion beam grows while the dimension parallel shrinks with no 
significant mass density c h a n g e s . S u c h phenomenon is also called ion hammering 
and is best explained by the viscoelastic model described by Trinkaus et al?^ which 
accounts for the shear-stress relaxation in the fluid ion track and the subsequent freezing 
of the relaxation strain upon re-solidification. 
2.1.2 - Nucleation and growth 
During ion implantation, if the mobility of the implanted species is high, phase 
separation resulting in NC formation can be found in as-implanted samples. However, 
fabrication of NC by ion implantation often requires a thermal treatment to induce phase 
separation of implanted atoms. The mean NC size is the result of a complicated 
correlation between the impurity diffusion length during a flux-dependent time and the 
nucleation rate, which depends on temperature and degree of supersaturation. 
Consequently, the implantation temperature often contributes significantly to the mean 
NC size, as does the post thermal annealing. 
In the classical nucleation theory from a supersaturated solution, the 
precipitation of NCs with radii exceeding the critical radius is followed by NC growth 
via draining of the supersaturated s o l u t i o n . N C s can grow without competing effects 
while the supersaturation is large. However, when the supersaturation degree is reduced, 
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NC evolution is then governed by its chemical potential, where the solute concentration 
around a spherical NC of radius Rnc is given by the Gibbs-Thomson relation: 
^NC 
(2.2) 
where C„ is the solubility at a flat interface and Rc is the capillary length. As the 
equilibrium concentration at the NC surface scales with inverse NC size, the large NCs 
grow at the expense of the smaller ones. This process is called Ostwald ripening (if the 
total mass is conserved). 
During ion irradiation, a NC can be considered as a source of solute. Recoils and 
collision cascades cause the ballistic ejection of atoms from the original NC and their 
deposition in the surrounding matrix. When the solute concentration overcomes the 
solubility threshold, the nucleation of the new phase can occur. However, the irradiation 
also affects the NC stability. The steady-state concentration of a NC under irradiation 
can be represented by: 
V ^NC 
(2.3) 
where C* and R'^  are the solubility at a flat interface and the capillary length under 
irradiation, respectively. The model predicts that below a critical temperature the 
capillary length can be negative. This reverses the chemical potential gradient, favoring 
the small NCs to grow at the expense of the large ones. This effect, known as inverse 
Ostwald ripening, has been used to tailor the size of embedded NCs.^" ^^  
2.1.3 - Ion track formation 
During SHII, the ion-matter interaction is completely dominated by inelastic 
collisions. For very energetic ions (above tens of MeV), the electronic energy loss 
varies smoothly in the near surface region and thus the energy deposited in a thin layer 
(< 2^m) can be considered constant to a good approximation. Energy is transferred to 
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the electrons of the material over a time scale of 10"'^  - lO"''^  s and is concentrated in a 
region of a few nanometers around the ion path. In this region, the target atoms are 
highly excited or ionized, as illustrated in Fig.2.3. For ion energies between 1 and 30 
MeV/u about 30-40% of the total stopping power is deposited in primary excitations 




Fig. 2.3 - Schematics of ion track formation due to SHII. (a) ion passing through the material producing 
ionization, (b) atomic motion in the region around the ion track, 
(figure extracted from G. Schiwietz et al}^) 
The mechanism behind the energy transfer from the electronic to the atomic 
system can be explained using three distinct routes, named Coulomb explosion, 
athermal melting and thermal spike model. According to the Coulomb explosion model, 
for sufficiently high energy deposition, the energy transferred to the electrons ionizes 
the target atoms so that they become positively charged and their mutual repulsion 
results in atomic motion (when charge recombination times are sufficiently long).^^' ^^  
This process is considered the fasted among the three, happening immediately after the 
ionization. It assumes a radial, coherent motion of all atoms in the core, corresponding 
to an almost instantaneous mechanical loading of the core, releasing an outgoing shock 
wave while the core undergoes vivid v ibra t ions .The Coulomb explosion model alone 
has not been able to predict, for example, the track radius in insulators and amorphous 
materials.^' 
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Athermal melting is a model that considers atomic motion as a result of the large 
forces originating from the differences between the interatomic potential of atoms in the 
track core and the equilibrium potential. This is because the atoms at the track core, 
even after the re-establishment of charge neutrality, have electrons that are not in their 
lowest energy states. This mechanism happens in a time frame of lO"'"^  s, which is 
considered too rapid to be mediated by phonons, and hence is called athermal?^ 
The thermal spike model is based on the electron-phonon energy transfer 
mechanism. The energy locally deposited to the electrons is quickly shared among 
electrons by electron-electron interactions and then transferred to the lattice by electron-
phonon and phonon-phonon interactions, in a time scale of " s.'^' 28.29,31.32 
According to the thermal spike model, when the energy involved in atomic motion 
exceeds that necessary for melting of the material, a track of molten matter is formed 
around the ion path, with a cross-sectional area that increases with increasing Sg.'^ '^ In 
amorphous materials, like a-SiOi, the low electron mobility allows the energy deposited 
in the system to be confined long enough to form a region heated transiently. The rapid 
quench of the molten track (10"" - 10'^ s) "freezes-in" the disordered atoms, producing 
a region rich in defects, with different density and structure in some cases. Significant 
atomic rearrangements due to SHII have not been observed in elemental bulk crystalline 
metals, possibly due to the large heat conductivity and electron mobility (charge 
recombination/neutralization) of the material. 
It is important to bear in mind that Coulomb explosion and athermal melting can 
also produce a thermal spike. Even though these two processes start with a coherent and 
collective motion, collisions between atoms tend to randomize their energy so that on a 
picossecond time-scale a thermalized motion could occur. In this sense Coulomb 
explosion and thermal spike may simply denote early and late stages of track 
f o r m a t i o n . ^ ^ 
The electronic and lattice temperatures for bulk a-SiOi irradiated with 110 MeV 
Br ions (Se = 9.2 keV/nm) are shown in Fig. 2.4 as a function of distance from the ion 
path (data extracted from calculations by Awazu et af'^ using the thermal spike model). 
The data shown if Fig. 2.4 corresponds to the maximum temperature that the electrons 
and lattice can achieve, the first happening at approximately 10"''' s while the second 
taking place at around 10"'^ s after the passage of the ion. The highlighted region in Fig. 
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2.4(b) indicates the radius of the molten track (-2.65 nm), considering the melting 
temperature of a-SiOa to be 1972 K. 
0 5 10 15 20 
Distance from the ion path (nm) 
1 1 1 r 
5 10 15 20 
Distance from the ion path (nm) 
Fig. 2.4 - (a) Electronic and (b) lattice temperatures as a function of distance f rom the ion path for bulk a-
Si02 irradiated with 110 M e V Br ions. The highlighted region in (b) indicates the molten track radius 
(2.65 nm), considering the melting temperature of a-SiOi to be 1972 K. 
(Data extracted f rom Awazu etal?^) 
Similar calculations were also performed for bulk Au under the same irradiation 
conditions. Despite the significantly higher energy loss (Se = 29.2 keV/nm), the 
simulated lattice temperature does not exceed the melting temperature of Au, most 
likely because the thermal conductivity of both the electronic and the lattice subsystems 
are much larger than that of a-Si02.^^ 
2.1.4 - Ion accelerators 
The ion implantations and irradiations for this thesis were performed at the 
Australian National University (ANU). Ion implantations were carried out using a 1.7 
MV NEC tandem accelerator located at the Department of Electronic Materials 
Engineering, a schematic of which is shown in Fig. 2.5. 
Negative ions are produced from a solid cathode in which the material is usually 
compressed into a Cu holder inserted in a SNICS source (Source of Negative Ions by 
Cesium Sputtering). Cs vapor from a molten Cs reservoir is incident onto the surface of 
the ionizer maintained at a temperature of -1100 °C. Cs"" ions are created and 
accelerated towards the negatively biased cathode (approximately - 5 kV). Atoms and 
ions (both positively and negatively charged) are sputtered from the cathode surface. 
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Negative ions are accelerated from the cathode, then extracted and focused by an 
extraction potential of -10 kV and a bias potential of ~ 65 kV. 
Ion Beam 












(max 1.7MV) SNICS™ 
Source 
Fig. 2.5 - Schematic of the NEC 1.7 MV tandem accelerator at the Department of Electronic Materials 
Engineering, Australian National University 
The accelerated ions pass through the field of a 90° magnet, with bending radius 
R. The magnetic field B can be adjusted to allow the transmission of ions with mass m 




where e is the electronic charge and V, is the potential of the ions. The transmitted ions 
pass through an Einzel lens (for focusing) and X/Y electrostatic steerers before entering 
the accelerating tube consisting of numerous equi-potential rings, separated by 
insulators and resistors, which provide a uniform potential gradient along the tube. In 
the middle of the tank resides the high voltage terminal (maximum 1.7 MV), positively 
charged by four pelletron^ chains. The beam of negative ions is accelerated towards the 
positively charged terminal where they are partially stripped of electrons, becoming 
positively charged. The positive ions are then repelled by the positive terminal and 
receive an additional acceleration towards the end of the tank where the final energy of 
the ions Eif is: 
^ Pelletron chains are made of metal pellets connected by insulating nylon links and are charged by an 
induction scheme that does not use rubbing contacts or corona discharges. It was developed in the mid 
1960s as an improvement over the older Van de Graaff charging belts. 
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(2.5) 
where V, is the terminal voltage. 
A quadrupole lens is used to focus the ion beam onto the target that is placed in 
the implant chamber. A 15° energy analyzing magnet is used to select ions of the 
desired charge state. The beam is scanned across the target in both X and Y directions. 






where / is the beam current and A the area implanted. The temperature of the sample 
can be adjusted from -170 °C to 500 °C and the pressure in the target chamber is 
typically maintained at 10"' Torr. 
The ion irradiations (SHII) were performed at the Department of Nuclear 
Physics, using a 14 MV NEC tandem accelerator, whose picture is shown in Fig. 2.6. 
The principles of operation of the 14 MV are basically the same as described for the 1.7 
MV tandem accelerator. The maximum terminal voltage of 14 MV allows the 




Fig. 2.6 - Picture of the 14 MV NEC tandem accelerator at the Department of Nuclear Physics, 
Australian National University. The man standing beside the equipment demonstrates the dimensions of 
the machine. 
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2.2 - Rutherford backscattering spectrometry 
Rutherford backscattering spectrometry (RBS) is a versatile technique using 
energetic ions for (usually) non-destructive materials analysis. Based on classical 
scattering theory, it provides information about elemental composition as a function of 
depth. When energetic ions are incident on a target, most of the ions are incorporated 
into the material at a certain depth (ion implantation). A few ions (~1 in each 10,000), 
however, are backscattered due to the collision between the light impinging ion and the 
more massive target nuclei. In the process, the incident ions transfer part of their energy 
to the stationary target atoms. The detection of the number and energy of backscattered 
ions provides a signature of the elemental composition of the sample, as described 
below. 36 
2.2.1 - Basic principles 
The schematic of Fig. 2.7 shows the notation and geometry for the laboratory 
system of coordinates, where Eq and Mj denote the energy and mass of the incident ion, 
M2 is the mass of the target atom, E/ is the energy of the ion backscattered at a depth Ax 
and 0 is the angle between the incident and scattered ion trajectories. The energy of the 
incident ion immediately before the collision with a target atom at a depth Ax is denoted 
by E. 
— Av - 4 
3 M, 
KE„ 
Fig. 2.7 - Schematics of an elastic collision between a projectile of mass M, and energy Eq and a target 
mass M2. 6 represents the angle between the incident and scattered ion trajectories. 
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After the collision, the energy of the backscattered ions is reduced by a factor K, 
also called kinematic factor, which can be calculated via conservation of energy and 
momentum, yielding: 
K = 
^ M ^ - M ^ s i n ^ d + M, c o s ^ Y 
M2 + M , 
(2.7) 
The probability of a collision between the incident ion and the target atom, or 
scattering cross-section a{0) , is given by: 
4E 
cosd 
sin ' ^ ^{-[MjM.sinef 
(2.8) 
ZZ e^ considering a Coulomb potential V = — where Z| and Z2 correspond to the atomic 
r 
number of the incident ion and the target atom, respectively, e is the electron charge, r is 
the distance between the two particles and E is the incident ion kinetic energy. 
Figure 2.8 shows a typical RBS spectrum of an Si02 sample for 2 MeV He"^  
ions. The inset shows a schematic of the incident and scattered ions at the surface and at 
a depth Ax. 
50 100 150 200 250 300 350 400 
Channel 
Fig. 2.8 - Typical R B S spectrum of an S i02 sample. The inset shows a schematic of the incident and 
scattered ion trajectories and the corresponding energies af ter a collision with a surface atom and an a tom 
at a depth Ax. 
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The energy transfer during the colHsion is given by K (Eq. (2.7)). Ions with 
incident energy EQ that are backscattered by surface atoms thus have a final energy KEQ. 
For ions that backscatter inside the material, however, a further decrease in energy must 
be considered, to account for the energy loss on the way in and out of the sample. The 
incident ions lose a greater amount of energy when colliding with lighter target atoms 
(conservation of energy and momentum). Therefore, the signal from different atomic 
species (O and Si in this case) appear in different channels (the channel number is 
proportional to the energy of the backscattered ions). The height H of the signal from 
each element is proportional to the number of collisions with that particular target atom 
in a thickness Ar , given by: 
H = Q ^ A { E ) N ^ X ( 2 . 9 ) 
where Q is the total number of incident ions, Q is the solid angle of the detector and N is 
the number of target atoms per unit volume. Using Eq. (2.9) enables the calculation of 
the absolute atomic composition if Q, o(9) and Q are well know. However, the 
uncertainties associated with Q and Q can be non-negligible and thus a relative 
measurement, as described below, is more commonly used. 
It is also possible to estimate atomic concentrations relative to the amount of 
other elements in the same sample. Figure 2.9 shows the RBS spectrum for Pt implanted 
in AI2O3 to a total fluence of IxlO'^ cm ". The peak concentration of Pt ions is located at 
around 0.1 ^im from the surface, according to SRIM 2008" simulations, a schematic of 
which is shown in the inset of Fig. 2.9. 
The area under the Pt peak is proportional to the number of Pt atoms in the 
sample and can be estimated relative to the height of the A1 edge, as the substrate has a 
well known stoichiometry. The number of Pt atoms per unit area [Nt]p, is given by: 
Nt An ^ 
PI X " : X A! 
AI2O, 
(2.10) 
where Ap, is the area under the Pt peak, HAI corresponds to the edge height of the 
substrate element (A1 in this example), Al is the A1 atomic concentration, 
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ciiiu PJ {E„d) are the Rutheiford scattering cross-sections given by Eq. (2.8) for the 
substrate and impurity elements, respectively, considering a surface energy 
approximation. ^ is the energy calibration (keV/channel) and k l^ l^o / s the stopping 
cross-section factor for He scattering from A1 atoms and losing energy in AI2O3. The 
concentration ratio estimated using Eq. (2.10) clearly does not require a precise 




Fig. 2,9 - RBS spectrum of Pt implanted in AI2O3 with peak concentration at 0.1 ^ m from the surface. 
RBS measurement performed using 2 MeV He"^  ions. 
Composition depth profiles can be easily obtained from RBS spectra, yielding 
valuable insights on, for example, diffusion, redistribution of implanted ions and layer 
composition. Details on the conversion from channel to depth scale can be found 
elsewhere.^^'^' 
2.2.2 - RBS apparatus 
The RBS measurements were performed using a 1.7 MeV NEC tandem 
accelerator (1.7 MV) very similar to that used for ion implantation, but equipped with a 
He gas source instead of a SNICS source. The ion source uses a radio frequency field to 
positively ionize He gas. The ions pass through a charge exchange chamber containing 
Rb vapor, which negatively charges the ions. After passing through the accelerating 
tube, He ions with energies from 1 - 5 MeV are readily attainable. Backscattered ions 
are collected by a Si surface-barrier detector positioned at a scattering angle of 168°. 
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The ions impinge on the detector creating electron-hole pairs that are swept f rom the 
depletion region by an applied electric field. The resulting current pulse is amplified and 
sorted in a multi-channel analyzer as a function of voltage, which is proportional to the 
energy of the scattered ions. Calibration curves to convert channel to energy can be 
easily obtained by analyzing materials with well known elemental composit ion. 
2.3 - Transmission electron microscopy 
Microscopes are devices used to magnify the image of small samples. The most 
common example is the optical microscope, which uses an assortment of lenses and a 
source of light to illuminate a sample, achieving a maximum resolution of - 0 . 2 ^tm, 
limited by the wavelength of the light source ( - 5 0 0 nm). With the wave - particle 
duality theory of de Broglie'^^ in 1925, the possibility of using other sources of 
illumination to construct microscopes with higher resolution was made possible, given 
that the wavelength associated with an electron (for an energy of 100 keV) is five orders 
of magnitude less than that of visible l i g h t . T h e idea of an electron microscope was 
first proposed by Knoll and Ruska'^" in 1932, rendering Ruska a Nobel prize in 1986. 
Transmission electron microscopy (TEM), now a widely used and important tool 
in materials research as well as in many other fields, enables a variety of imaging and 
analytical capabilities including bright and dark field imaging, micro diffraction, as well 
as energy dispersive x-ray analysis (EDAX) for the determination of elemental 
composition."^® 
2.3.1 - TEM apparatus 
Figure 2.10 shows a schematic diagram of a transmission electron microscope, 
which resembles a transmission optical microscope in many ways. The electron beam is 
generated in the electron gun by thermionic emission using a lanthanum hexaboride 
(LaBe) crystal (for its low work function). Magnetic lenses are used to control the 
trajectory of the electrons in a similar way as glass lenses are used in an optical 
microscope. 
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The first set of lenses, called condenser lenses, demagnify the source image and 
project it over an aperture that selects the spot size. The objective lens is responsible for 
most of the magnification. Since its focal length is very small, the sample is positioned 
very close or even inside the lens. Intermediate and projector lenses act in various 
combinations to vary the imaging and diffraction conditions. The image is projected on 
a fluorescent screen that can be viewed through a glass window. A CCD camera or 
photographic film, positioned bellow the fluorescent screen, is used to record images. 







Fig. 2.10 - Schematic of a transmission electron microscope. 
2.3.2 - Image formation 
Similar to energetic ions, electrons also lose energy when passing through matter 
via elastic and inelastic collisions. Elastic scattering can occur either by interactions 
with single atoms or with the specimen as a whole. The former include interactions with 
the electron cloud, resulting in small angular deviation or with the nucleus, in which 
case the stronger Coulomb force yields higher angular deflections. Inelastic scattering 
often involves ionization of the target atoms, hence energy loss, yielding mainly 
characteristic x-rays as well as secondary electron emission. This form of interaction 
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allows the use of T E M for analytical purposes, yielding information on the atomic 
composition.'^^ 
Image contrast can be obtained either by selecting or excluding specific 
electrons f rom the imaging system. Bright field (BF) or dark field (DF) images can be 
formed by direct or scattered electrons, respectively, as shown in Fig. 2.11. 
The uniform electron intensity in the incident beam is transformed into a 
nonuniform intensity after scattering by the specimen. This variable electron intensity 
translates into contrast on the viewing screen. When the electron beam interacts with a 
thin sample, the fraction of electrons that pass through is determined by the mass and 
thickness of the sample, as well as its crystallinity and orientation. In BF, for example, 
the electrons which contribute to the image on the screen are those which have neither 
been stopped completely by the sample, nor scattered so far that they do not pass 
through the objective aperture. In DF, the image is formed by selected scattered 
electrons. 




V objective aperture 
direct beam to form 
a BF image 
scattered beam to 
form a DF image 
Fig. 2.11 - Schematic of (a) bright field and (b) dark field image formation (not to scale). 
TEM imaging analysis relies, basically, on image contrast. A variety of features 
on the sample can affect image contrast, f rom which the respective characteristics can 
be identified. The mass contrast, for example, allows the distinction between high and 
low atomic number regions, like Pt nanocrystals embedded in a-Si02, as shown the BF 
image in Fig. 2.12. Local variations in the sample thickness, for example wedge-shaped 
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samples, can create thickness contours in the image (also called thickness fringes). Such 
phenomenon results from periodic variations in the intensity of the diffracted beam with 
increasing sample thickness. Given the complementary nature of the direct and 
diffracted beams, thickness fringes are apparent in both BF and DF image modes, and 
allow the evaluation of the sample thickness by measuring the distance between dark 
and bright lines. In a similar way, bend contours occur when a particular set of 
diffracting planes is not parallel everywhere in the sample (when the sample is bent). 
Diffraction contrast plays an important role in crystalline samples, in which case the 
relationship between the image and the diffraction pattern (discussed in the next section) 
is most critical. 
... . ... • 
" • ^ 1 0 ® tBiuj. M ' 
Fig. 2.12 - B F T E M image of Pt NCs embedded in a-Si02 matrix. The dark region on the left of the 
image is the crystalline Si substrate. 
Contrast can also arise from differences in the phase of the scattered electrons, 
often called phase contrast, from which the atomic structure of crystalline materials can 
be investigated. This imaging mode requires the selection of more than one beam (direct 
+ scattered), which by interference produce an image that reflects the lattice spacing of 
the crystal (given the crystal is favorably aligned with the electron beam). Lattice 
fringes are often used to identify crystallinity, as apparent in Fig. 2.13. Other phase 
contrast features can also be present when, for example, two crystallographic planes of 
nearly or identical periodicities are superimposed. Such interference patterns, known as 
Moire patterns, are schematically illustrated in Fig. 2.14 by two sets of misf i t" lines 
parallel to each other (Fig. 2.14(a)), two sets of misfit lines rotated (Fig. 2.14(b)) and 
two sets of identical lines rotated (Fig. 2.14(c)). 
' The term misfit here means two sets of parallel lines with slightly different spacing. 
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Fig. 2 . 1 3 - High resolution TEM image of C supported Pt NC. 
(a) 
Fig. 2.14 - Moire patterns: (a) two misfit sets of Hnes aligned, (b) two misfit sets of lines rotated and (c) 
two identical sets of lines rotated. 
As shown in Fig. 2.14, the superposition of two sets of lines either identical but 
rotated by a small angle or misfit (aligned or rotated) can generate a pattern that differs 
from the one observed from a single set of lines. Moire patterns can be observed with 
embedded Pt NCs when two NCs (or two crystal grains in the same NC) happen to be 
aligned and superimposed. 
2.3.3 - Electron dijfraction 
A great advantage of transmission electron microscopy is the capability to obtain 
information on real space (electron microscope images) and reciprocal space 
(diffraction pattern) for the same region (using the appropriate combination of lenses 
and apertures). When the electron beam passes through a thin crystalline sample, the 
electrons are diffracted by the crystal potential, forming diffraction spots on the back 
focal plane, in a region between the objective lens and the image plane. Electron 
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diffraction can be interpreted in a similar way as x-ray or neutron diffraction. According 
to Bragg's law: 
2s in^„ = -
' d 
(2.11) 
constructive interference occurs at an angle , where X is the electron wavelength and 
d is the interplanar distance in the crystal. 
Figure 2.15 shows diffraction patterns for crystalline Si (Fig. 2.15(a)) and Pt 
NCs (3 - 5 nm diameter) embedded in a-SiOi (Fig. 2.15(b)). The former shows distinct 
spots resulting from the long range order of a Si crystal oriented along the [111] zone 
axis. The rings apparent in Fig. 2.15(b) correspond to the FCC structure of Pt NCs. Bach 
ring represents a different plane in the crystal structure, resulting from the overlap of 
innumerous spots coming from randomly oriented nanocrystals. 
• • • • 
• . • . . . 
Fig. 2.15 - Diffraction pattern of (a) crystalline Si and (b) Pt NCs embedded in a-Si02. 
TEM diffraction allows the study of selected areas as small as a few tens of 
nanometers. This is particularly useful for the study of NCs, where the large size 
distributions and small dimensions can often degrade results obtained by other 
techniques like conventional x-ray diffraction. Such results reflect the average of a large 
ensemble of NCs. 41 
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The fundamental principles of synchrotron radiation and some examples of 
applications to materials analysis are described in this chapter. The small-angle x-ray 
scattering and x-ray absorption spectroscopy techniques (extended and near edge 
regions) are explained in the light of NC characterization, including details of the 
apparatus for each technique. 
CHAPTER III - Synchrotron-based techniques 
3.1 - Synchrotron radiation 
A synchrotron is a particular type of cyclic particle accelerator in which the 
electric and magnetic fields (used to accelerate the particles and maintain their circular 
trajectory, respectively) are carefully synchronized with the traveling particle beam. The 
radiation emitted by the accelerated charged particles (usually electrons or positrons) is 
more than five orders of magnitude greater than conventional sources like x-ray tubes 
and can be used in a broad range of fields, including materials analysis, medical 
applications as a substitute for conventional x-ray imaging and many more.' 
Synchrotron radiation (SR) offers a brilliant, collimated, pulsed, polarized, continuous* 
spectrum for a variety of techniques, among them x-ray absorption spectroscopy (XAS) 
and small-angle x-ray scattering (SAXS), which are described in the present chapter. 
3.1.1 - Historical overview 
The idea of electromagnetic radiation being produced by charged particles in 
circular motion dates back to the early 1870s with Maxwell.^ In 1898 Lienard^ 
published a simplified version of the complicated algebraic equations, which allowed 
the direct use of the theory to calculate field patterns produced by moving charges. 
The first experimental evidence of SR, however, dates from almost 50 years later, in the 
General Electric Company Research Laboratory. Using a 70 MeV synchrotron 
accelerator in 1947, Elder and coworkers'^''' observed a small bright spot through the 
glass vacuum vessel. The visible beam of SR was an immediate sensation, attracting the 
attention of many researchers.^ 
The development of a comprehensive theoretical treatment and the construction 
of electron accelerators in the early 1950s aroused much interest in SR. The use of 
storage rings (late 1960s) offered superior research opportunities including constant 
spectral distribution, stability and relatively low radiation hazard compared to the earlier 
apparatus. In most cases, however, the primary function of the synchrotron was high-
energy physics research.' This period was later classified as the first generation of SR. 
Continuous here means any wavelength from infrared to x-rays. 
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The second generation began with the construction of sources exclusively 
dedicated to SR, the first of which was installed at the University of Tokyo and operated 
from 1976 to 1997. The main body of the equipment is now on display at the SpringS 
Synchrotron Facility, Japan, as shown in Fig. 3.1 (picture taken in September 2007 at 
the 1st Cheiron School organized by the Asia Oceania Forum for Synchrotron Radiation 
Research (AOFSRR)). 
Fig. 3.1 - First dedicated synchrotron equipment on display at the SpringS - Japan. Picture taken during 
the 1st AOFSRR Cheiron School - Sep 2007. 
With the advent of dedicated light sources, the accelerators were optimized to 
offer higher stability and brightness (photons per second per solid angle), stimulating 
the development of novel research techniques as well as renewing those already 
established on laboratory-based sources such as x-ray crystallography.' 
The use of wigglers and undulators as insertion devices (as explained in detail 
below) defined the beginning of third generation light sources. Second generation light 
sources started to be upgraded to meet the full capability of the new insertion devices, as 
these rings were not designed specifically with low emittance (product of the transverse 
size and the angular divergence of the electron beam). New facilities were built to 
provide more powerful SR. The SpringS - Japan storage ring, operational since 1997, is 
currently the largest third generation synchrotron facility, with 8 GeV electrons 
traveling around a storage ring of circumference 1,436 m. (Fig. 3.2). 
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Fig. 3.2 - Aerial view of the SpringS - Japan. 
The fourth generation Ught source is still in development, with research under 
way in many laboratories around the world. Some designs utilize free electron lasers 
with a very long undulator in a high-energy linear electron accelerator and aim at 
providing a peak brightness many orders of magnitude beyond that of the third 
generation sources, as well as coherent radiation with a pulse length of 100 fs or less 
(usually the pulse length for a third generation synchrotron is ps). 
3.1.2 - Basic principles 
A charged particle generates an electric field E whose magnitude decreases 
outwardly. The electric E and magnetic B fields associated with charges are given by 
Maxwell's equations: 
VE = P 
Po 
VB = 0 
dB 
(3.1) 
WxE = — 
dt 
VxB = jUoJ +Mo£o dt 
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where p is the charge density, 7 is the current density and and fgare the magnetic 
and electric constants, respectively. If the particle is at rest, the time derivation of E is 
zero, thus the magnetic field is zero and no energy is lost, only information is 
transferred. When a charged particle orbits in a circular trajectory a spiral-shaped 
electric field is generated, which is condensed in a bright spiral zone if the particle 
velocity approaches the speed of light. This is synchrotron radiation. When the particle 
is periodically deflected from its trajectory (traversing an undulator, for example), 
radiation is generated with each bend. If the velocity of the particle is relativistic, the 
wavelength of the accumulated periodic radiation becomes very short due to Doppler 
effects. All three situations are depicted in Fig. 3.3, which shows snapshots from 
Radiation 2D, a simulation program used to visualize the electric fields generated by 
charged particles in motion.^' ^ 
Fig. 3.3 - Snapshots of Radiation 2D simulator, (a) charged particle at rest; (b) charged particle in circular 
motion and (c) undulator trajectory. The blue lines correspond to the direction of propagation of E . The 
red lines in panel (a) correspond to the regions where the electric field has the same magnitude. For 
panels (b) and (c) the velocity of the particles moving along the yellow line corresponds to 0.9c. 
The energy of the electromagnetic radiation produced by a charged particle 
moving through a magnetic field is given by^: 
hE' 
iTt • r m c 
(3.2) 
where E is the energy of the moving particle, h is Plank's constant, r is the radius of 
curvature, m is the particle mass and c is the speed of light. 
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3.1.3 -Instrumentation for SR research 
A schematic of a typical synchrotron facility is shown in Fig. 3.3, where (a) 
indicates the linear accelerator (linac), (b) the booster synchrotron, (c) the storage ring 
and (d) one of the beamlines. 
Fig. 3.4 - Schematic of a typical synchrotron facility, (a) Linear electron accelerator; (b) booster 
synchrotron; (c) storage ring; (d) beam line. 
Electrons are first accelerated by the linac and transferred to the booster 
synchrotron, where their energy is increased. At SpringS, for instance, the energy of the 
electron beam is 1 GeV from the linac and 8 GeV upon leaving the booster synchrotron. 
Electrons are then transferred to a storage ring composed of a series of bending magnets 
and insertion devices, among other components, where the radiation produced by the 
electron beam can be directed to experimental stations (beam lines) around the ring. 
Inside the storage ring, the electrons travel in bunches through vacuum vessels, 
with revolution times of a few [xs. Quadrupole magnets focus the beam while bending 
magnets deflect the beam, thus producing a cone of electromagnetic radiation in the 
direction tangential to the electron trajectory. Insertion devices consist of periodic arrays 
of alternating north-south magnets, which change the trajectory of the electron bunch 
many times (wiggling or undulating the beam) thus increasing the amount of radiation 
produced, as well as other factors like confinement, brilliance and coherence. 
Wigglers produce a broad cone of light in each bend, which superimpose on each other 
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producing incoherent radiation of intensity proportional to the number of deflections. 
Undulators, on the other hand, produce much narrower cones of radiation that interfere 
with one another, given the electrons are only gently deflected from their trajectory. The 
constructive interference of certain wavelengths results in coherent radiation enhanced 
by up to 10,000 times. Specific wavelengths can be tuned by altering the gap between 
the magnets. Schematics of a bending magnet and an undulator are shown in Fig. 3.4. 
The energy lost by the electron beam, as it emits SR, is replenished by radio-frequency 
cavities positioned around the ring. 
Bending Magnet Undulator 
^ r o n l l ^ ^ Synchratron 
' Radiation 
Synchrotron Radiation 
Fig. 3.5 - Schematic of bending magnet and undulator used as sources of synchrotron radiation. 
In a synchrotron facility many beam lines can be operated simultaneously and 
independently, utilizing the radiation produced by the bending magnets and insertion 
devices. Typically, each beam line has a unique setup dedicated to a particular 
analytical technique. XAS and SAXS, for example, require a monochromatic and well-
focused beam; hence, the polychromatic radiation passes through a series of apertures, 
monochromators and reflective mirrors before entering the experimental station. The 
schematic shown in Fig. 3.6 is an example of such beamline configuration, where slits, 
focusing mirrors and a double crystal monochromator are used to guide the SR from the 
source (bending magnet, wiggler or undulator) to the sample. 
The storage ring and the beam lines are usually separated by a Be window, 
which protects the vacuum within the storage ring while transmitting almost all of the 
radiation. The slits define the size of the photon beam, which is collimated and/or 
focused by mirrors that can be flat, bent-flat or toroidal. The monochromator is typically 
a pair of Si crystals that, based on diffraction, select a particular wavelength band of 
radiation. 
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Fig. 3.6 - Schematics of the main components used in a beamline to guide the SR from the undulator 
source to the sample. 
3.2 - Small-angle x-ray scattering 
SAXS is a non-destructive analytical technique widely used in characterization 
of materials, probing inhomogeneities in the electronic density in the nm range from the 
elastic scattering of x-rays at angles close to 0°. SAXS yields information on the mean 
size, shape, orientation and sometimes structure of domains (particles or voids), which 
can be solid, liquid or gaseous, surrounded by the same or another material in solid or 
liquid state. This section describes the basic principles of the SAXS technique and 
interpretation of the acquired data for NC analysis. 
3.2.1 - Basic principles 
The diffraction of x-rays by crystalline matter is such that the sin of angle of 
diffraction 9 varies inversely with the separation of the diffracting lattice planes d'. 
jX = 2d sin 9 (3.3) 
where A is the wavelength of the x-rays and j is an integer. When d is an interplanar 
lattice spacing, d and A are usually of the same order of magnitude and as a 
consequence, the diffracted angles are rather large. For larger spacings, either the 
respective angles decrease considerably or longer wavelengths must be used. The latter, 
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however, is not always feasible as low energy photons are strongly absorbed by 
m a t t e r . T h e solution relies on detecting the scattered x-rays far away from the sample, 
to enable the separation of the scattered signal from the direct beam and hence resolve 
scattering from small angles. 
If a sample has a non-periodic structure or a sufficiently perturbed lattice, the 
diffraction patterns are not limited to spots or lines, but contain more or less extended 
regions of scattering. The diffraction pattern of a sample can be described in terms of 
reciprocal space, for which the amplitude of the scattering radiation A{Q) is given by:'° 
AiQ) = \p{T)f{7)e-'^'dr (3.4) 
where yO(r)is the electron density of the diffracting body at a point defined by the 
position vector r , and the magnitude of the scattering vector Q is given by: 
. (3.5) 
The term f ( r ) in Eq.(3.4) is a form factor that represents the system. For 
example, when considering a particle with dimensions from several tens to several 
hundred times the x-ray wavelength, f ( r ) then equals the product of the electronic 
density and the volume of the particle. 
In the special case of an isotropic system composed of isolated and identical 
particles embedded in a matrix with a constant electronic density, the normalized SAXS 
intensity I(Q) is usually approximated by: 
I{Q) = NIMS{Q) (3.6) 
where N is the number of particles per unit volume and /, (Q) is the scattering function 
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where y{r) is the correlation function given by: 
A r ) = l [ p { r ' ) - P o ] [ p { r ' + r ) - P o U F (3.8) 
where p{r) is the electronic density function inside the particle and p^ is the constant 
electronic density of the matrix. Equation (3.8) represents an average of all particle 
orientations. The term 5 ( 2 ) in Eq. (3.6) accounts for the short range spatial correlation 
between the particles, the so called structure factor. If the system is dilute, i.e. the 
particles are well separated and without spatial correlation, 5((2) = 1 over the whole Q 
range and Eq. (3.6) simply becomes: 
I {Q) = N I X Q ) (3.9) 
For a system consisting of homogeneous particles with a constant electronic 
density p^ immersed in an homogeneous matrix with a constant electronic density p^, 
the scattering function for a single particle is given by: 
m = { p - P J V J 4 m - \ { r ) ^ d r (3.10) 
0 Q>-
where V i s the particle volume with maximum dimension and /()(/-) is a function 
defined by the orientation average of the intersection between the volume of the particle 
and the same volume displaced by a vector r . The value of the integral only depends on 
the shape and size of the particle. 
Equation (3.10) implies that I^iQ) is the same for particles or voids (of the same 
shape and size) embedded in a homogeneous matrix, provided the difference in 
electronic density between particle/void and the surrounding matrix is the same. 
At small Q the function I^Q) has an asymptotic behavior given by: 
R'Q-
I,{Q) = {p-pJv'e 3 (3_,i) 
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where Rg is the radius of gyration of the particles defined by: 
V 
(3.12) 
The scattering function corresponding to an isotropic dilute system of N 
identical particles (at small Q), known as the Guinier law, is given by Eq. (3.11) 
multiplied by N. It can also be applied to particles of identical shape with a size 
distribution, in which case R^ corresponds to an average of the radius of gyration (that 
weights much more large particles). 
At high Q, the asymptotic behavior of I{q) is given by Porod's law: 
where T is the surface area of the interface between the two phases. For spherical 
particles, for example, this function is characterized by a primary maximum at 0 = 0 
and secondary maxima that oscillate around a curve /((2)°= • These oscillations are 
damped for spheres having a narrow size distribution and vanish for wider size 
distributions. 
For a system of non-spherical particles, the scattering intensity 7(0) can be 
approximated by: 
= (3.14) 
where n is the number of electrons per particle and D(/o) is the diameter of the particle 
in the direction defined by /g (a full description of the basis of Eq. (3.14) can be found 
in ref.'°). The scattering from a single particle is projected in a plane of observation as 
shown in Fig. 3.7. 
The scattered intensity of an ensemble of widely separated particles is identical 
(on a relative scale) to the mean intensity scattered by one isolated particle.'® When 
considering an ensemble of particles, the resulting scattering image is a superposition of 
49 
CHAPTER III - Synchrotron-based techniques 
the scattering intensities f rom each individual particle. If the particles have a similar 
shape and orientation, the scattering image yields qualitative information about the 
shape of the particles, as for the example shown in Fig. 3.7, where the image is 
compressed in the direction parallel to the major dimension of the particle. On the other 
hand, if the particles are randomly oriented, the scattering f rom each individual particle 
is also randomly oriented, and the resulting scattering is isotropically distributed around 
the beam stop, hence information about the shape of the particles cannot be retrieved. 
Fig. 3.7 - Relationship between the orientation of a particle and the distribution of scattered intensity in 
the plane of observation. 
3.2.2 - Experimental setup 
SAXS measurements were performed at the ChemMatCARS beamline 15ID-D, 
Advanced Photon Source, USA, with a setup similar to that shown in Fig. 3.8. 
storage Ring Wall 
Aperture Double Crystal 
Monochromator 
Radiation Shutter 
Wide Angle Detector 
;S Camera 
SAXS Detector 
Fig. 3.8 - Schematic of SAXS beamline. 
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The scattered intensity / was collected as a function of the scattering vector Q 
using a MAR-165 charge coupled device (CCD) detector with exposure times of 1 - 5 s 
using x-rays of wavelength 1.11 A . The measurements were performed in transmission 
mode with the sample surface normal oriented at angles of 0 - 45° relative to the photon 
beam, as shown in the schematic of Fig. 3.9 (not to scale). 
sample 
CCD camera 
Fig. 3.9 - Sample orientation setup used in transmission SAXS measurements 
(distances and sizes not to scale). 
Camera lengths (distance between the sample and the detector) can be adjusted 
according to the dimension range of the domains being measured. Larger particles 
scatter at lower angles, thus requiring longer camera lengths. The results presented in 
chapters V and VI were obtained using camera lengths of 550, 1880 and 6880 mm. The 
sample preparation method and data analysis are described in chapter IV. A detailed 
description of the beamline 15ID-D at the Adavanced Photon Source can be found in 
Ref.." 
3.3 - X-ray absorption fine structure 
X-ray absorption fine structure (XAFS) is a technique that uses x-rays to probe 
the physical and chemical structure of matter at an atomic scale. Usually, photon 
energies lower than 100 keV are used to probe atomic numbers higher than 20, hence 
the interaction between radiation and matter primarily occurs via the photoelectric effect 
(given Compton scattering and pair production are negligible at such energies).'^ 
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When x-rays are incident in solid or liquid matter, the photons may transfer their 
energy to bound electrons, with a probability that depends on both the initial and final 
states of the electron.'^ The initial state is the localized unperturbed core level 
corresponding to the absorption of the x-ray. The final state is that of the ejected 
photoelectron produced and subsequently scattered, which can initially be represented 
as an outgoing spherical wave emanating from the absorbing atom. 
The absorption of monochromatic radiation by a material of thickness x can be 
expressed in terms of the incident ( l o ) and transmitted (/) radiation intensities as 
follows: 
(3.15) 
where / / is the x-ray absorption coefficient. The absorption probability abruptly 
increases for photon energies that match the binding energy of inner shell electrons, 
yielding what is known as an absorption edge. Figure 3.10 schematically shows the 
absorption of x-rays by electrons in the K (Fig. 3.10(a)) and L (Fig. 3.10(b)) shells of an 
atom. For Pt atoms, absorption by electrons in the K shell necessitate x-ray energies > 
78 keV, while electrons in the L shells can absorb x-rays with energies > 11.5 keV (Li, 
L2 and Li). The L3 (2p3/2) level has the highest probability and lowest energy for 
absorption (among the L transitions). The main graph in Fig. 3.10 shows the absorption 







Incident Photon Energy 
Fig. 3.10 - Schematic representation of x-ray absorption by electrons in the (a) K and (b) L shells of an 
atom. The main graph shows the absorption coefficient as a function of the incident photon energy for Pt. 
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The absorption spectrum is composed of three distinct regions. The pre-edge 
region is before the absorption edge and can contain electron excitations to unoccupied 
bound states below the vacuum level. Close to and above the edge, XAFS probes both 
bound and continuum states, resulting in pronounced peaks superimposed on a smooth 
isolated atom contribution. The region that extends to - 6 0 eV beyond the edge, known 
as x-ray absorption near edge structure (XANES), contains local geometrical as well as 
electronic information, while the region from - 6 0 eV and above (usually extending to 
several hundreds of eV) contains information about the local geometrical structure 
around the photo-excited atom. These three regions are highlighted in Fig. 3.11 that 
shows a typical absorption spectrum (L3 edge) for a Pt foil.'"* 
• Pt 
-1 ^ , 1 1 ^ 1 1 ^ ^ 
11400 11600 11800 12000 12200 12400 
Photon Energy (eV) 
Fig. 3.11 - X-ray absorption spectrum as a function of the photon energy for bulk Pt. The pre-edge, near-
edge and extended regions are highlighted in yellow, pink and green, respectively. 
3.3.1 - XANES region 
The near-edge structure in an absorption spectrum encompasses all the 
unoccupied states from the Fermi level up to the EXAFS limit. In a transition metal, for 
example, the XANES includes the unoccupied part of the narrow d bands, just above the 
Fermi level, as well as the less tightly bound and p b a n d s . A theoretical analysis of 
XANES involves solving the Schrodinger equation for a range of photoelectron 
energies at the lower end of which the interaction of the electrons with the atoms is very 
strong. Such an approach can be found in Refs.'''"'^ 
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The scattering of photoelectrons depends strongly on their energy. At high 
energies (EXAFS), photoelectron scattering is weak such that the most significant 
contribution to the final state wave function in the vicinity of the absorbing atom comes 
from paths in which the electron is scattered only once (single scattering). In the 
XANES regime, the photoelectron has enough energy to reach the continuum and has a 
wavelength larger than the interatomic distance between the central atom and first 
neighbor. At such low kinetic energy the photoelectron is strongly scattered by 
neighboring atoms and its wave function is mainly determined by multiple scattering 
effects inside a cluster formed by the first coordination shell and eventually the second 
and third shells.'^ Figure 3.12 shows a schematic representation of single (Fig. 3.12(a)) 
and multiple (Fig. 3.12(b)) scattering determining the EXAFS and XANES oscillations 
(the latter also called resonances), respectively. 
(a) 
EXAFS 
O central atom Q first shell neighbor atoms 
XANES 
photoelectron scattering path 
Fig. 3.12 - Schematic representation of a photoelectron (a) single scattering and (b) multiple scattering. 
Because EXAFS is dominated by single scattering, the information contained 
therein is purely geometrical. In the XANES regime, however, multiple scattering 
effects confer sensitivity to details of the spatial arrangement of atoms surrounding the 
absorber, not only radial distance but also bond angles, electronic configuration and so 
on. Furthermore, changes in the charge distribution around a given atom in different 
chemical environments can alter core-level binding energies and thus shift the 
absorption edge.'"' 
Information such as the average oxidation/hydrogenation state can be extracted 
from XANES spectra by examining edge energy shifts and the position and intensity of 
the continuum resonances, which can be calculated theoretically or relative to well 
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known references. Calibration of the energy scale and normalization of the absorbance 
are mandatory. One of the most satisfactory means is the measurement of a reference 
simultaneously with the sample. Analytical methods include fitting the sample spectrum 
with a linear combination of reference spectra (often used to estimate the fraction of O 
bonding in a certain material, given the availability of a reference sample whose oxide 
fraction is well known) and the subtraction of the sample and a reference spectrum. The 
latter pursues, for example, the isolation of the electronic effects induced in metals by 
sorption and has been widely used to study the effects of H adsorption/chemisorption in 
Pt.'^ 
3.3.2- EXAFS region 
The first experimental evidence of a fine structure past absorption edges was 
reported in 1920 by Fricke'^ and Hertz.'^ In 1931 Kronig^" suggested a theoretical 
explanation for the observed oscillations which, despite some inaccuracies, contributed 
in the development of a comprehensive theory of extended x-ray absorption fine 
structure (EXAFS). For a long time XAFS (especially EXAFS) was considered an 
obscure phenomenon (mistakenly attributed to long range order), given the lack of 
detailed agreement between theory and experiments.'' ' With the advent of synchrotron 
radiation and the introduction of Fourier transforms in EXAFS analysis, the technique 
became experimentally accessible to the general scientific community, finding wide 
applicability in many areas. 
Figure 3.13 shows a schematic representation of the outgoing and backscattered 
photoelectron waves. The backscattered waves interfere constructively or destructively 
with the outgoing wave depending on their relative phase. The total amplitude of the 
electron wave function is thus enhanced or reduced, modifying the probability of x-ray 
absorption. The maxima in the EXAFS region of Fig. 3.11 correspond to the 
backscattered wave being in phase with the outgoing component while the minima 
result when the two are out of phase. 
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Fig. 3.13 - Schematics of the radial portion of the photoelectron wave. The solid red lines indicate the 
outgoing waves and the dashed blue lines represent scattering from the surrounding atoms. 
The EXAFS function x is defined as the normalized, oscillatory part of the x-
ray absorption above a given absorption edge: 
(3.16) 
where //(£") is the x-ray absorption coefficient (Eq.(3.15)), ^ ^ { e ) is the smoothly 
varying atomic-like background absorption and A/y^is a normalization factor that arises 
f rom the net increase in the total atomic background absorption at the edge in 
question.- ' Conventionally, / is defined with respect to the photoelectron wavenumber 
, where Eph is the energy of the photoelectron and Ec is the 
n 
threshold energy for photoexcitation (see Fig. 3.10). A quantitative parametrization of 
EXAFS can be obtained through the following equation: 
x{k) =Ysl- + + (3.17) 
The amplitude factor 5o is a many-body effect due to the relaxation of the 
system in response to the creation of the core hole. As it is weakly energy dependent, it 
is usually approximated by a constant. 
The backscattering amplitude is given by: 
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/ ( / : ) = (3.19) 
S^. is the central-atom partial-wave phase shift of the final state and A{k) is the energy-
dependent mean-free-path of the photoelectron (~6 - 8 A). The phase factor O reflects 
the quantum-mechanical wavelike nature of the backscattering. A somewhat larger 
contribution to the overall phase is given by the phase shift S^  at the absorbing atom, 
since the photoelectron sees the potential created by this atom twice. These phase shifts 
account for the difference between the measured and geometrical interatomic distances, 
which is typically a few tenths of an A and must be corrected by either a theoretical or 
experimental reference standard. 
The dependence of the oscillatory structure on interatomic distance and energy 
is clearly reflected by the s'm{2kR) term. The decay of the due to the mean-free-
path or finite lifetime of the photoelectron is represented by the exponential term . 
This factor is largely responsible for the relatively short range (generally a few A) 
around the absorbing atom probed by an EXAFS experiment. The strength of the 
scattered interfering wave depends on the type and number of neighboring atoms 
through the backscattering amplitude and hence is primarily responsible for the 
magnitude of the EXAFS signal. Parameters like the spherical-wave factor X/kR^ and 
the mean-free-path term are secondary but important for a quantitative analysis of the 
EXAFS amplitude. 
The Debye-Waller factor, given to a good approximation by e'^"''"', is due in 
part to thermal effects ), or the motion of atoms about their equilibrium position. 
Such atomic motion smears the sharp interference pattern of the rapidly varying 
s\n{2kR) term that would be apparent if the atoms were static. The Debye-Waller factor 
becomes more pronounced greater the photoelectron wavenumber, and hence damps the 
EXAFS beyond about k ~ l/cr, which is typically about 10 A"'. Therefore the Debye-
Waller factor is essential in EXAFS, but is negligible in XANES. 
The structural parameters are the interatomic distance R, the coordination 
number CN, and the mean-square relative displacement (MSRD) of the distribution of 
interatomic distances . The latter includes effects due to structural and thermal 
disorder: 
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= (3-18) 
For systems weakly disordered, the distribution of interatomic distance can be 
approximated by a Gaussian, with width a ^ . To account for anharmonicit ies in the 
radial distribution function, particularly for disordered systems, one can define the 
X A F S in terms of the cumulant moments of the distribution (or cumulants), where the 
Debye-Waller factor is generally complex and has a natural cumulant expansion in 
powers of k in the form: 
= (3.19) 
n=0 
where C„ denotes the oth cumulant average. The leading cumulants are given by: 
q={{r-R)) 
C , = { { r - R y ) ^ a ' { T ) (3.20) 
C,={{r-Ry) 
C,={{r-Ry)-3iC,y 
The amplitude of the Debye-Waller factor contains only even moments , whereas odd 
moments contribute to the XAFS phase. The k^ is particularly important for large 
disordered systems. If not corrected for, the term with the third cumulant gives rise to an 
apparent contraction of distances extracted f rom XAFS with increasing temperature." ' 
3.3.3 - Experimental setup 
EXAFS and XANES measurements were performed at beamline 20-B of the 
Photon Factory, Japan, at the Pt L3 edge (11,564 eV). Figure 3.14 shows a schematic of 
a typical experimental setup, where the fluorescence detector is positioned at 90° with 
respect to the beam direction and the sample normal is rotated at 45° with respect to the 
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incident beam. Given the majority of the samples studied were inhomogeneous and 
diluted, the measurements were all performed in fluorescence mode^ and a reference Pt 
foil was measured simultaneously (for energy calibration) in transmission mode in the 
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Fig. 3 . 1 4 - XAS experimental setup. 
A temperature controller and He cryostat were used to maintain the sample 
temperature with an accuracy of ±1 K. The sample temperature was maintained at 12 ± 
1 K to minimize thermal vibration except for temperature-dependent studies, when 
measurements were performed in the range from 20 to 295 K. Data were collected using 
a 6 X 6 pixel array Ge detector and the Si (111) monochromator was detuned by 50% for 
harmonic rejection. 
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CHAPTER IV 
SAMPLE PREPARATION AND DATA ANALYSIS 
This chapter gives a detailed description of the sample preparation methods used for 
the TEM, SAXS and EXAFS measurements. A new approach to the SAXS analysis of 
oriented nanorods is introduced and descriptions ofXANES and temperature-dependent 
EXAFS analysis of embedded Pt NCs are given. 
CHAPTER IV - Sample preparation and data analysis 
4.1 - TEM sample preparation method 
Transmission electron microscopy (TEM) is a versatile technique widely used in 
NC characterization for the direct observation of parameters like shape, size and 
distribution of NCs embedded or supported in a variety of matrices. Crystallographic 
information can also be obtained through micro-diffraction, yielding insights into NC 
structure. The samples must be carefully prepared to produce a region transparent to the 
electron beam (approximately a few hundred nm thickness for a-Si02). 
For the present work, samples were prepared using the small-angle cleavage 
technique,'"'^ which consists of the cleaving of selected planes of the Si substrate 
resulting in tips sufficiently thin to be transparent to the electron beam in cross-section. 
The sample consisting of 2 ^im a-Si02 film (containing Pt NCs) on - 5 0 0 [xm Si 
substrate was first back-thinned to - 1 0 0 ^im by mechanical polishing as shown in Fig. 
4.1(a) and (b). Subsequently, the Si substrate was scribed along the (120) plane, 
corresponding to an angle of -71.5° as shown in Fig. 4.1(c). The sample was then 
cleaved along the (120) plane, followed by another cleave in the (110) direction, 
resulting in a wedge with a fine tip as shown in Fig. 4.1(d). The process was repeated 
and several wedges were attached to a copper ring using epoxy mixed with silver 
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Fig. 4.1 - Schematic of small-angle cleavage technique for TEM sample preparation. 
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Figure 4.2 shows TEM images of a sample prepared using this method. The 
main panel shows the cross-sectional image of the NC containing Si02 layer, the small 
panels shows magnified views of selected areas across the sample edge. 
SiO, I Si interface 
Fig. 4.2 - TEM micrographs of a sample prepared using the small-angle cleavage technique. The main 
figure shows a cross-sectional image of the NC containing Si02 layer with the Si02/Si interface visible on 
the left and the Si02 surface visible on the right. The small panels show magnified views of the NCs 
across the sample. 
The benefits of using the small-angle cleavage technique include significantly 
less time spent in sample preparation, absence of artifacts caused by sample heating or 
ion milling and, most importantly, a uniform thickness across the entire Si02 layer 
(from surface to interface), which significantly improves the image quality and the 
analysis of NC depth distribution. 
4.2 - SAXS sample preparation method 
Small-angle x-ray scattering (SAXS), as described in the previous chapter, is 
widely used to determine the size distribution of NCs formed within a variety of 
matrices including Si02 (for examples see Refs."*"^). This oxide is typically grown on a 
Si substrate for compatibility with electronic and photonic device fabrication and SAXS 
measurements are thus commonly performed in a grazing-incidence geometry. 
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Transmission measurements are also possible with the appropriate photon energy and 
flux to penetrate the thick Si substrate though scattering from the latter can degrade 
image quality. 
We have developed a novel sample preparation method for determining the size 
distribution of metallic nanocrystals in Si02 through transmission SAXS measurements. 
The sample consisting of a 2 [im a-Si02 film (containing Pt NCs) on -500 fxm Si 
substrate was first back-thinned to -150 |im by mechanical grinding. A concavity of 
130 )im depth was then formed using a dimple grinder normally utilized for TEM 
sample preparation. Finally, as shown in Fig. 4.3, a hole of diameter ~1 mm was opened 
in the remaining Si below the nanocrystal-containing Si02 layer using selective 
chemical etching (KOH/H2O) (which readily etches Si but not Si02). 
(a) (b) (c) (d) 
Fig. 4.3 - Schematic of SAXS sample preparation method: (a) sample containing Pt NCs, (b) part of Si 
substrate removed, (c) a concavity produced in the remaining Si substrate, (d) hole opened in the Si 
substrate by chemical etching. 
Figure 4.4 shows an optical image of a sample prepared with this method, with a 
magnified view of the Si02 layer with both transmitted and reflected illumination. 
Fig. 4.4 - (a) Optical micrograph of SAXS sample with the Si02 membrane visible in the center, 
(b) Magnified views of the hole in both transmission and (c) reflection modes. 
Using this method, we were able to prepare self-supported thin-film samples 
ideal for transmission SAXS measurements. As an example. Fig. 4.5 shows the SAXS 
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intensity I(Q) as a function of the scattering vector Q for an isolated Si02 layer and a Pt 
NC-containing sample. 
o 
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Fig. 4.5 - SAXS data of a Pt NC-containing Si02 layer and an isolated SiOi layer. 
As apparent from Fig. 4.5, the scattering contribution from the Si02 layer can be 
easily isolated and quantified, enabling an absolute determination of the Pt nanocrystal 
size distribution. Precision alignment for grazing-incidence geometry is no longer 
required and scattering and diffraction from the underlying Si substrate are eliminated. 
Furthermore, given our ability to form nanocrystals with oriented, non-spherical shapes 
(such as ellipsoids with the major axis aligned along the ion-beam direction), this 
sample preparation method also enables incident-angle-dependent SAXS measurements 
to better extract both the nanocrystal size and shape distributions. 
4.3 - Angle-dependent SAXS analysis 
The well-established models used in the analysis of spherical particles" in 
addition to readily available fitting procedures like the maximum entropy method'^ 
make SAXS a powerful tool in the analysis of spherical NCs embedded in a matrix. 
Analysis of non-spherical particles, however, usually requires complex modeling'' '"* 
that depends on the shape and orientation of the particles. An additional complication 
arises in the case of randomly oriented but otherwise identical non-spherical particles. 
In such case the scattering is azimuthally isotropic but can be mistaken for a broad size 
distribution of spherical NCs." 
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The size distribution of inhomogeneities (in this case Pt NCs) can be 
approximated by fitting appropriate distribution parameters to the measured SAXS 
intensity data. One such method is to assume some functional form for the distribution 
such as a log-normal or a Gaussian and fit appropriate parameters using nonlinear least-
squares refinement. However, such an approach may lead to inaccuracies given the size 
distribution may not always be accurately described with a known function. The 
maximum entropy method uses a curve-fitting procedure that produces structures in the 
probability distribution subjected to the constraints of experimental observations. It does 
not require any assumption about the general form of the size distribution, producing the 
most uniform approximation to the underlying distribution that is consistent with the 
experimental intensity data (within the limits of experimental uncertainty).'"' 
It is a limitation of the SAXS technique that both shape and size cannot be 
determined independently, thus requiring the use of a form factor that constraints the 
shape of the particles, where the latter can be determined by auxiliary methods, like 
TEM.'^ A common assumption about the morphology is that all the scatterers have the 
same shape, or in the case of cylindrically shaped scatterers, for example, the ratio 
between the cylinder length and diameter might be assumed to remain constant. For the 
analysis of unirradiated Pt NCs, the shape of the scatterers was considered spherical, as 
determined by TEM and the SAXS data analyses were performed using the maximum 
entropy method.'"' In the case of elongated Pt NCs (after SHII), TEM analysis 
shows that neither the dimensions, the volume or the aspect ratio of the particles could 
be considered the same without significant loss of accuracy. In this case, information 
about the NC volume or aspect ratio would still be required to yield a unique solution 
even if an appropriate form factor (to account for the rod-like shape of the NCs) was 
employed. 
Given the non-spherical NCs are highly aligned, we demonstrate the possibility 
of determining the major (Dmajor) and minor (Dminor) dimensions of rod-shaped NCs by 
the separate analysis of selected angular sectors of the scattering pattern (detector 
image). A few corrections to the spherical model are required to recover the total 
volume of scattering centers. The dimensions of the major and minor axes of the NCs, 
however, are in excellent agreement with TEM results (shown in chapter VI). 
Figure 4.6 shows representative TEM micrographs of Pt NCs before and after 
SHII. Prior to irradiation the particles are spherical, with mean diameter ~14.5 nm, as 
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determined by TEM and SAXS measurements. The irradiation of the NCs with 2x10"^ 
cm " Au ions at 185 MeV induces a significant change in the NCs shape, elongating the 
particles in the direction of the ion beam. The present section compares TEM and SAXS 
results of a representative sample with the aim of validating the analysis procedure. For 





Fig. 4 .6 - (left) T E M micrographs of unirradiated sample containing Pt NCs and (right) a sample 
irradiated with 185 M e V Au ions to a total t luence of 2x10'"* cm'^. 
Figure 4.7 shows SAXS detector images for the rod-like NCs shown in Fig. 4.6, 
with the sample normal oriented at different angles relative to the x-ray beam. The 
projected dimensions of a rod-like NC (for each measurement angle) are schematically 
shown in the right column. 
Figure 4.6 shows the elongated particles are highly oriented in one direction 
(perpendicular to the SiOa surface). This causes the x-rays to scatter isotropically 
around the beam stop when the sample is measured at 0" (Dmajor of the particles is 
oriented parallel to the x-ray beam and the projected Dmajor = Dminor)- Based on the 
geometry of ellipsoids of revolution, the projected Dmajor (PDmajor) of elongated particles 
is given by: 
PD • =JD^ • sin^B + D^. cos^ B. (4.1) major y major r ^minor ^ ^ ^ r" \ ' 
where P is the angle of orientation. 
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Fig. 4.7 - (left) Experimentally obtained SAXS detector images and (right) schematic of elongated 
particles at different angles of rotation. 
The anisotropy observed in the detector images for samples oriented at 25° and 
45° are due to differences between the Dminor and the PDmajor of the elongated NCs. In 
this particular case of oriented NCs, the scattering contribution from the minor axis 
remains unaltered even after sample rotation, while the projection from the major axis 
result in scattering at smaller angles, thus appearing to compress the detector image in 
one direction. For this reason, selected angular sectors of the detector image were 
integrated and analyzed separately to enable the individual evaluation of both Dminor and 
P D m a j o r of the rod-shaped NCs. Arc sector areas (masks) of 10° (with origin at the beam 
stop), shown in Fig. 4.8, were chosen to avoid non-isotropic intensity within the 
selected areas without compromising the statistics of the integrated signals. 
Figure 4.9 shows the scattering intensity as a function of the scattering vector Q 
for selected area masks representing the Dminor and the PDmajor of the elongated particles. 
Panel (a) shows the comparison between the vertical masks for samples oriented at 0° 
and 45° as well as the whole detector image of a sample at 0°. The results shown in Fig. 
4.9(a) are basically the same for the three examples, which demonstrates that the use of 
masks do not significantly affect the quality of the scattering intensity, despite the 
reduced integrated area (of the detector). The scattering contribution due to Dminor is not 
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affected by the rotation of the sample if a vertical mask is used. Fig. 4.9(b) shows the 
scattering contribution corresponding to horizontal masks applied to a sample oriented 
at different angles. The scattering contribution from the PDmajor becomes significantly 
different than the one from D i^nor for angles > 20°, becoming more like that 




to determine PD^ 
Fig. 4.8 - Detector image of a sample oriented at 45° with the (left) vertical and (right) horizontal masks 
highlighted in color. 
T I I 111 
4 5 6 7 8 ' 
0.01 
Scattering Vector Q(A' Scattering Vector Q(A' ) 
Fig. 4.9 - SAXS scattering intensity as a function of the scattering vector Q(A'') from selected area 
masks: (a) comparison between the integral of the whole detector and the 10 ° vertical mask for a sample 
oriented at 0° and 45°; (b) 10° horizontal mask applied to the sample at different angles of rotation. 
Despite the non-spherical nature of the NCs, the Dminor and PDmajor distributions 
were separately estimated with the maximum entropy method'^ assuming spherical 
particles. This was only possible because of the high degree of orientation of the 
particles and the separate integration and analysis of selected areas of the detector. Fig. 
4.10 shows the PDmajor distributions for samples oriented at different angles, whose 
scattering intensity as a function of Q are shown in Fig. 4.9(b). Both SAXS and TEM 
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results are shown. For the latter, Dminor and Dmajor were manually measured from TEM 
micrographs and, subsequently, the PDmajor was calculated using Eq. (4.1). 
c =3 
Xi -S « 
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Fig. 4.10 - SAXS and T E M PDn,ajor distributions as a function of sample orientation. 
The agreement between our TEM and SAXS results demonstrates the usefulness 
of spherical models even for non-spherical particles, when analyzing angular sectors of 
the detector separately. The use of a spherical model, however, introduces an erroneous 
amplitude to the SAXS intensity, from which the total volume of scatterers are usually 
determined. This is due to a difference in the real volume of the particles and that of the 
theoretical spheres used by the fitting procedure. Fortunately, this can be corrected after 
the fit is completed. We relate the real volume of the particles and the spherical or 
projected volume evaluated by the program using Eq. (4.2), bearing in mind that the 
number of electrons in a particle is proportional to the volume of the particle and using 
Eq. (3.6): 
^real'^real ^S ^^ S (4.2) 
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where Vred and N,.eai are the real volume occupied by the particles and the real number 
of particles, respectively, and V5 and Ns represent the spherical volume estimated by the 
fitting procedure and the respective number of particles. Table 1 presents the PDmajor 
evaluated by SAXS and the corresponding intensity correction (V^/V^l^,) applied to 
each distribution. 




P D n a i o r (nm) Volume (nm') 
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Dmaior (nm) Volume (nm') 
SAXS Intensity 
Correction 




11.9 1685 16.1 1117 
0.347 
2.275 
45° 12.8 2097 3.524 
Figure 4.11 shows the particle dimension distributions estimated by SAXS (Fig. 
4.11(a)) and the effect of the intensity correction applied to the results (Fig. 4.11(b)). 
The huge differences between the results for samples oriented at 0" and 45° are readily 
apparent. The integral of the curves for measurements at different angles are similar 
once corrected, as expected, since the total volume of NCs should not be affected by the 
measurement angle. 
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Fig. 4.11 - (a) Particle dimension distribution estimated by SAXS (non-corrected) and (b) the same 
distributions corrected using Eq. (4.2) (correction values are listed in Table 4.1). 
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4.4 - XAS sample preparation method 
For x-ray absorption spectroscopy (XAS), including both the extended (EXAFS) 
and near edge (XANES) regions, the NC samples were prepared according to the 
schematic shown in Fig. 4.12. Approximately 480 ^m of the Si substrate were removed 
from the Si02/NC layer by mechanical grinding (Fig. 4.12(a)). Subsequently, the 
samples were immersed in a KOH solution where the remaining Si substrate was 
chemically etched (Fig. 4.12(b)). The SiOi/NC films were then stacked together 





i Si SiO, 
(c) 
• - \ 
Fig. 4.12 - Schematic of XAFS sample preparation method. 
This method eliminates parasitic scattering contributions from Si substrate and 
significantly improves the areal concentration of the absorbing element, resulting in 
fluorescence signal of excellent quality. 
4.5 - XANES analysis of Pt NCs 
Following the XANES discussion presented in Chapter III, the L3 edge (also 
called white line) represents electronic transitions from a core level Ipm to vacant d 
states of the absorbing atom.^' Thus, the d electron-vacancy present in Pt metal (see Fig. 
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4.13) results in a prominent white line peak (as shown in Fig. 4.14) that is absent in the 





Electronic configuration of Pt 
4 
Fig. 4.13 - Electronic ground state configuration of a neutral Pt atom. 
1 — ' — r 
11520 11560 11600 11640 11680 
Photon Energy (eV) 
Fig. 4.14 - XANES region for Au and Pt foils. The Au edge position has been shifted in energy for 
comparison. 
Upon Pt-H chemisorption, bonding and antibonding states are created, with the 
bonding orbital localized closer to the H atom and the antibonding state localized closer 
to the Pt atom, as shown in Fig. 4.15.^^ As a consequence, the area of the white line 
increases proportionally with the amount of H chemisorbed by Pt atoms. At the same 
time, size-related perturbations in the NC electronic properties (for NCs < ~3 nm) are 
manifested in the XANES data as an increase in the white line intensity and a positive 
shift in the absorption edge energy relative to bulk Pt.^^ 
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Fig. 4.15 - Formation of bonding and antibonding Pt-H orbitals. 
For our analysis, the XANES spectra of the Pt NC samples and the Pt foil were 
fitted to a Lorentzian function superimposed on an arc tangent (following the procedure 
described in ref.""^), the latter accounting for the transitions to the continuum and the 
former representing the transitions to the bound states. Transitions to the continuum 
were considered the same for all samples. Fitting was performed with aligned inflection 
points of the arc-tangent and the data. The separate contributions to the spectrum for the 
Pt foil are shown in Fig. 4.16. 
1—'—I—'—I—^—r 
11550 11560 11570 11580 11590 
Photon Energy (eV) 
Fig. 4 . 1 6 - Normalized XANES spectrum for the L, edge of the Pt foil fitted with a Lorentzian 
superimposed on an arc tangent curve (A+B). The individual curves are also shown (A-arc tangent, B-
Lorentzian). 
The area encompassed by the Lorentzian was considered proportional to the 
number of d electron vacancies in each sample.^'^' Given that size-related effects are 
apparent only for NCs smaller then 3 nm, independent of the annealing environment, 
the difference between the Lorentzian area of the NC samples (> 3 nm) and the foil is an 
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indicative of the amount of H chemisorbed in the sample, for each Pt-H bond will 
generate one extra d electron vacancy in the Pt atom.^^ 
The best fit to the experimental data was obtained when the inflection points of 
the arc tangent and the data were aligned. Fittings were also performed with the 
inflection point of the arc tangent deliberately positioned at +0.5 eV from the Pt foil 
edge and the difference between the results was taken as the uncertainty of the 
integrated Lorentzian areas. 
4.6 - EXAFS data analysis 
EXAFS data were analyzed using the ATHENA"^ and ARTEMIS^^ programs, 
interfaces for the IFEFFIT' ' code. The spectra were background removed and then 
Fourier transformed over a photoelectron wavenumber (k) range of 4.9 - 14.6 A"', as 
shown in Fig. 4.17(a) and (b). The window upper and lower limits are chosen to avoid 
contribution from the XANES region and excessive noise coming from the end of the 
spectrum, respectively. The spectrum is usually ^^-weighted to highlight the signal from 
higher k. Structural parameters were extracted from the first coordination shell, isolated 
by inverse Fourier transforming over a non-phase-corrected radial distance (R) range of 
1 . 8 - 3 . 1 A (Fig. 4.17(c)). 
T I I 1 r 
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T 1 1 r 
1 2 3 4 5 
Radial Distance ( A ) Photon Energy (eV) 
Fig. 4.17 - EXAFS spectra of Pt foil: (a) normalized absorption of Pt foil as a function of photon energy 
and spline function used for background removal, (b) k^-weighted and (c) Fourier-transformed spectra 
with the fitting to the first NN apparent. The window in (b) highlights the region used in the Fourier 
transformation, while in (c) it indicates the first shell coordination number, where the fitting was 
performed. 
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Theoretical standards generated by the FEFF8 code^^ were fitted to the 
experimental spectra, as shown in Fig. 4.17(c). The amplitude reduction factor (SQ) and 
energy shift parameter (AEo) were determined for the Pt foil and then kept constant for 
all the NC samples. 
4.6.1 - Temperature-dependent EXAFS analysis 
Temperature-dependent EXAFS analysis was also performed with the 
coordination number {CN) for each NC sample determined from the lowest temperature 
data and kept constant thereafter, given the CN is not measurement temperature 
dependent. A fixed CN value of 12 was used for the Pt foil at all temperatures. 
The experimental data was analyzed in two steps. First, the mean interatomic 
distance (/?), mean-square relative displacement (MSRD or o^) and asymmetry (third 
cumulant or C3) for the first shell around the absorbing atom was determined from 
individual fits to each spectrum. The values obtained for the MSRD were plotted as a 
function of temperature and then fitted with a correlated Einstein model given by: 
n' . r e . 
a = coth 
2T + (4.5) 
where ^ i s Planck's constant divided by 2n, jii is the reduced mass for a scatterer-
absorber pair, ks is Boltzmann's constant, T is the measurement temperature and ©^ is 
the Einstein temperature, related to the Einstein frequency co^  by CO,,/kg . As 
Vaccari and Fornasini remark, this Einstein frequency can have a double meaning, 
constituting an effective vibrational frequency of the interatomic bond (thus relating to 
the force constant of the bond) and a constant which roughly represents the centroid of 
the distribution of normal mode frequencies.-^® The first term of Eq.(4.5) accounts for 
the thermal contribution to the total disorder, while the second term ( ) corresponds 
to disorder of structural origin. 
In the second step, to reduce the correlation between R and C3 during the fitting 
and consequently improve the quality of the results, the C3 values were restrained to 
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follow the relation derived from the anharmonic one-dimensional effective potential 
shown in refs. 
i + i o z + z . . . . 
where z = e x p ( - 0 ^ / r ) , k^  is the cubic anharmonic force constant, is the 
asymmetry from structural contributions and k^ g is the effective harmonic spring 
constant defined as k^ g = /n-k]-fi^ -Q^. 
In this second step, all datasets at different temperatures for a given sample were 
fitted simultaneously with Sl, AEo, CN and MSRD values fixed to those obtained from 
the individual dataset fits. While C, was restrained using equation (4.6), R was freely 
floated. 
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CHAPTER V 
PLATINUM NANOCRYSTAL FORMATION 
This chapter reports on the formation of Pt NCs in amorphous Si02 using ion 
implantation and thermal annealing. The NCs were investigated by laboratory and 
synchrotron based techniques, including TEM, SAXS and XAFS. The influence of the 
annealing conditions on the NC growth and structure was studied, as well as the 
preferential nucleation at defects produced in the matrix. Temperature-dependent 
EXAFS analyses were also performed. 
CHAPTER V - Platinum nanocrystal formation 
5.1 - Introduction 
Ion implantation is one of many techniques used to form embedded NCs'""^ and 
is advantageous for the control of the depth and concentration of implanted atoms. 
Furthermore, the protection offered by the surrounding matrix enhances NC stability 
and durability.'' Ion irradiation of the SiOi matrix subsequent to metal NC formation 
represents a means of altering the NC size distributions'"^ to better suit specific 
applications. In general, such applications are governed by the unique optical, 
catalytic" and therapeutic'^ properties of metal NCs that can differ dramatically from 
those of their bulk coun te rpar t s .F in i t e size effects and the high proportion of surface 
atoms in a NC are responsible for these differences. 
Given NC properties depend on size and s t r u c t u r e , i t is important to understand 
the influence of the synthesis parameters on NC formation. This chapter reports on the 
formation of Pt NCs in amorphous Si02 (a-Si02) by ion implantation, focusing on the 
influence of the annealing conditions on NC size and structure, as well as the influence 
of defects produced in a-SiOi (by ion irradiation prior to metal NC formation) on NC 
size. In addition, temperature-dependent EXAFS measurements were performed to 
investigate the thermal/vibrational properties of embedded Pt NCs. 
5.2 - Defect-mediated nucleation of Pt nanocrystals 
In this study, we have sought to investigate how defects produced in a-Si02 by 
ion irradiation prior to metal NC formation can subsequently influence the size of Pt 
NCs formed by ion implantation. (We note that Pt NC formation in SiOa has received 
scant attention in the literature.) High-energy Ge ion irradiation was used to generate a 
constant defect distribution over the extent of a thin Si02 layer. Pt ions were then 
implanted into the structurally-modified Si02 layer and the size evolution of Pt NCs was 
measured as a function of the Ge-ion fluence. We show that prior Ge-ion irradiation 
yielded a significant reduction in mean Pt NC diameter and thus demonstrate a simple 
means of controlling the Pt NC size. 
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5.2.1 - Experimental 
5 MeV Ge* ions were implanted into amorphous, 2 ^m thick SiOi (a-Si02) films 
(thermally grown on (100) Si substrates) at liquid N2 temperature with ion fluences 
ranging from IxlO'^ to 5xlO'^ cm l Samples were then implanted with 4.5 MeV Pt 
ions, again at liquid N2 temperature, to a fluence of IxlO'^ c m l Following 
implantation, samples were annealed in forming gas (FG, 95% N2/5% H2) for 1 hr at 
1100 "C to promote NC growth. 
TEM and RBS measurements were used to investigate the NC size as a function 
of depth and the concentration of implanted Pt ions, respectively. Details on the 
experimental setup, sample preparation methods and data analysis are described in 
Chapters II and IV. 
5.2.2 - Results and Discussion 
The depth distributions of irradiated and implanted atoms and the number of 
vacancies generated by both Ge and Pt ions, as simulated by SRIM 2008'^, are plotted 
in Fig. 5.1. Clearly the Ge atoms are located at depths far beyond the Si02 layer (thus 
negating impurity effects) while the Pt atomic concentration has a maximum within the 
Si02 layer at a depth of approximately 1.4 ^m.^ Vacancy production by Ge ions is 
nearly constant over the extent of the Si02 layer while, as expected, the maximum in Pt-
induced vacancy production is at slightly lesser depths (-1.1 jim) than the atomic 
concentration maximum. 
Figure 5.2 shows representative results obtained by TEM. Images displayed in 
the same row represent different depths in the same sample, while different samples at 
the same depths are displayed vertically, with increasing Ge irradiation fluence from top 
to bottom. The top row shows the sample without Ge irradiation where differences in 
* Ge ions were chosen for their feasibility and almost constant nuclear energy deposition in the region of 
interest. 
^ The SRIM depth scales for the Pt-induced vacancy production and atomic depth distribution were 
increased by 0.15 |a.m to coincide with the experimental determination of the latter using RBS and TEM. 
Such differences are possibly due to inaccuracies in some of the simulation parameters, like the Ge 
stopping power in Si02 and sputtering effects, for example. 
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the NC size as a function of depth are readily apparent. The largest NCs formed at 
depths of - 1 . 8 ^im below the surface where both the vacancy production and atomic 
concentration resulting from Pt implantation were lowest. In the samples first irradiated 
with Ge ions, the second to fourth rows show a progressively decreasing NC size with 
increasing Ge irradiation fluence at depths of 1.6-1.8 j^m. No significant change in NC 
size is apparent as a function of fluence at 1.5 ^m where the vacancy generation due to 
Pt implantation far exceeds that due to Ge irradiation. 
1 2 3 4 
Depth (lam) 
Fig. 5.1 - Ge (5xlO'^ c m ' ) and Pt ( I x l O " cm ") atomic depth distributions and vacancy production as 
simulated by SRIM 2008.'® The inset shows the experimental Pt atomic depth distribution determined by 
T E M and R B S , used in the rescale of the S R I M data. 
Figure 5.3(a) shows a magnified view of the Pt atomic depth distribution and the 
vacancy production by both Ge and Pt ions, the former corresponding to an irradiation 
fluence of 5xlO'^ cm"^. (Rutherford backscattering spectrometry (not shown) 
demonstrated the Pt atomic depth distribution was not influenced by either the annealing 
process or Ge-ion irradiation.) Figure 5.3(b) shows the mean Pt NC diameter as a 
function of depth over the same region. For depths of 1.6-1.8 [xm, the mean NC 
diameter decreases from -5 .5 nm to - 3 . 5 nm as the Ge irradiation fluence increases. At 
lesser depths (1.2-1.5 [xm), a slight reduction in NC diameter with increasing Ge 
irradiation fluence is also apparent despite the vacancy production being dominated by 
Pt ion implantation. This may reflect Pt NC nucleation on Ge irradiation-induced 
defects during the early stages of the Pt implantation. Figure 5.3 thus demonstrates that 
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Pt NC size is not governed by the Pt atomic concentration but by nuclear energy 
deposition. 
Depth 
1.5 |j,m 1.6 fim K8 urn 
» P. _ ^ . • ^ . ti-. . - * 
i r r ^ 
X i.^zji 1 1 2 * C. • •• A • 
Fig. 5.2 - TEM micrographs of samples implanted with increasing tluences of 5 MeV Ge ions and 
subsequently implanted with I x l O " cm"^. Images in the same row represent different depths for the same 
sample. 
Figure 5.4 shows the mean Pt NC diameter as a function of the total energy 
deposited in vacancy production (Ge irradiation plus Pt implantation using a full 
cascades simulation) over the 0.1 ^ m depth intervals shown in Fig. 5.3. Clearly the 
mean Pt NC diameter decreases as the total energy deposited in vacancy production 
increases. Experimental results were best fitted with a power function with the fit 
included in Fig. 5.4 as a guide for the eye. The mean diameter saturates at ~3 nm when 
the energy deposited in vacancy production exceeds -2x10^^ k e V / c m l Figure 5.4 thus 
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quantifies the correlation between Pt NC diameter and nuclear energy deposition. We 
note that the potential influence of electronic stopping must also be considered. At 
depths of -1 .7 ^m, SRIM values for the total electronic and nuclear stopping (including 
both the primary and recoils) of 5 MeV Ge ions incident on Si02 are -1 .07 and 0.19 
keV/nm, respectively. The former, however, is less than the electronic stopping 
threshold values required for ion hammering and latent track formation in amorphous 
Si02 ( - 2 keV/nm)'^ and irradiation-induced NC nucleation in Cu-oxide containing glass 
( - 5 keV/nm).'^ Whilst we anticipate negligible influence of the above processes, other 
effects resulting from electronic stopping power could still be operative. 
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Fig. 5.3 - (a) Pt (IxlO'^ cm ") atomic depth distribution and vacancy production for Ge irradiation (5xlO'^ 
cm^) and Pt implantation over depths of 1.0-1.8 jim (results calculated by SRIM 2008'^) and (b) mean Pt 
NC diameter as a function of depth and Ge irradiation fluence for the same region shown in panel (a). 
Striking differences are apparent upon a comparison of Pt NC formation, as 
presented above, with earlier reports for Au'^ and Cu'^  NC formation. For the latter two 
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metals, the largest NCs are observed at the atomic concentration maximum, in close 
proximity to the vacancy production maximum. In contrast, the largest Pt NCs observed 
herein are at the vacancy production minimum (in the absence of Ge ion irradiation). 
For comparable metal atomic concentrations and annealing conditions, Pt NCs are also 
significantly smaller than both Au and Cu NCs, again indicative of differences in the 
nucleation and/or growth processes. We thus speculate that Pt NCs preferentially 
nucleate on irradiation-induced defects resulting from nuclear energy deposition. A 
more detailed comparison of NC formation as a function of metal would necessitate 
consideration of differences in metal diffusivity (in the presence of irradiation-induced 
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Fig. 5.4 - Mean Pt N C diameter as a function of tine total energy deposited in vacancy production, the 
latter simulated by SRIM 2008." ' 
As noted previously, irradiation-induced structural modifications of a-Si02 can 
be of many forms with examples that include compaction and the formation of O-
vacancy centers. However, both the compaction^® and 0-vacancy center concentration^' 
saturate when the energy deposited in vacancy production exceeds keV/cm^, three 
orders of magnitude less than that observed herein for the saturation of the mean Pt NC 
diameter. The observations presented in this study are unlikely the result of a single 
defect configuration but most probably relate to an ensemble of irradiation-induced 
structural modifications. A final irradiation-induced structural modification for 
consideration is the potential influence of atoms, both Si and O, recoiled from the SiOi 
layer by Ge-ion irradiation. The resulting imbalance in vacancy/interstitial 
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concentrations and stoichiometry (both microscopic and macroscopic) may also 
influence Pt NC nucleation. Furthermore, such effects may not saturate"^ for the given 
Ge-ion fluence range. 
5.3 - Influence of annealing conditions 
5.3.1 - Experimental 
Amorphous Si02 layers (2 [im thick) were implanted with Pt ions at liquid 
nitrogen temperature. The energies and fluences are presented in Table 5.1 and vary 
between 3.4 and 5.6 MeV and l.SxlO"' and 3.0xl0'^ c m ^ resulting in peak atomic 
concentrations ranging from 0.3 at.% to 9.0 at.%. After implantation, the samples were 
annealed in either Ar, O2 or FG atmosphere for 1 hr at temperatures between 500 and 
1300 to promote NC growth. 
Table 5.1 - Summary of Pt implantat ion parameters 
Total f luence 
(cm"') 
Partial implanted fluence (cm'} 
according to beam energy 
3.4 M e V 4.5 M e V 5.6 M e V at.% 
1 . 8 x 1 0 " 0 .5x10 ' " O . e x l O " 0 . 7 x 1 0 " 0 .3 
5 .6x10 ' " 1.5x10'" 1.8x10'" 2 .3x10 ' " 0.9 
l . O x l O " 1.0x10'^ 3.0 
3.0x10'^ 3.0x10'^ 9 .0 
Transmission SAXS measurements were performed to determine the NC size 
distributions. Additionally, TEM was used to determine the shape and size distribution 
of selected NC samples. XAS measurements yielded information on the local 
atomic/electronic structure of the Pt NCs. Details about the experimental setup, sample 
preparation and data analysis methods can be found in Chapters II, III and IV. 
5.3.2- NC growth 
Figure 5.5 shows the RBS profile for samples implanted with Pt at different 
fluences, where the area under the peak is proportional to the total Pt fluence. Samples 
implanted with the same fluence but annealed at different temperatures exhibit no 
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differences in the Pt depth profile (not shown), consistent with no significant 
redistribution of Pt within the matrix for temperatures up to 1100 (as measurable 
with RBS for the given scattering geometry). 
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Fig. 5.5 - RBS profile of samples implanted with 1.8xl0'®-3.0xl0' ' 'cm"l 
17 2 
Figure 5.6 shows TEM micrographs of samples implanted with 1x10 cm" and 
annealed in FG at (a) 1100 °C, (b) 1200 °C and (c) 1300 °C. The NCs are spherical in 
shape, justifying our use of a spherical model for the SAXS data analysis. (No 
definitive evidence of large scale faceting was apparent, consistent with the amorphous 
nature of the matrix. Should a small degree of faceting be present, we anticipate a 
negligible influence on the SAXS data analysis.) The largest average particle sizes are 
observed in samples annealed at the highest temperatures. The diffraction pattern for Pt 
NCs annealed at 1100 °C (Fig. 5.6(d)) demonstrates the NCs retain the face-centered 
cubic (FCC) structure characteristic of bulk Pt while the high resolution image of Fig. 
5.6(e) shows the NCs are single crystalline. 
Figure 5.7 presents x-ray scattering intensities I(Q) as a function of scattering 
vector Q and the corresponding size distributions for samples implanted with 
I x l O " cm"^ and annealed in Ar, O2 or FG (note the different horizontal scales in the size 
distributions). Mean diameters are listed in Table 5.2 which also includes the maximum 
and standard deviation from a Gaussian fit to the distributions. Though the latter may 
not always be most accurately described by a Gaussian,^^ the standard deviation is 
indicative of the extent of NC size variation in a given sample. As shown in Fig. 5.7, 
the NCs increase in size with increasing annealing temperature for all ambients, though 
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at a given temperature annealing in Ar yields significantly smaller NCs than annealing 
in either O2 or FG. Although these two ambients produce NCs of similar sizes, 
differences are apparent in the growth rates as a function of temperature. 
Fig. 5.6 - TEM micrographs of Pt NCs in Si02 for an implantation Huence of Ixl0"cm"^ and annealing in 
FG at (a) 1100 °C, (b) 1200 °C and (c) 1300 °C. (d) Selected area diffraction pattern and (e) high 
resolution image of an individual NC. 
Table 5.2 - Mean NC diameter Dn^an obtained from SAXS measurements. Peak is the peak of each 
distribution determined from a Gaussian fit to the experimental distributions, with standard deviation o. 
Annealing 
Temp. I^ mean 
Argon 
Peak <T I^ mean 
Oxygen 
Peak 0 Dmean 
Forming Gas 
Peak a 
500 °C - - 1 - - - 1.2 1.2 0.1 
800 °C I.I 1.0 0.1 ; 1.1 1.1 0.2 1.4 1.2 0.1 
900 °C 1.6 1.7 0 .3 ; - - - _ _ . 
1000 °C 1.8 1.4 0.2 I 2.9 2.7 0.5 2.7 2.4 0.4 
1100 °C 2.8 2.7 0.4 ; 4.7 4,6 1.1 3.5 3.1 0.5 
1200 °C 4.0 3.4 0.6 7.7 7.5 1.6 7.4 6.1 1.3 
I 3 0 0 ° C - - ; 10.1 10.0 2.2 13.9 12.3 2.9 
,, Peak and o values are in units of nm. 
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Fig. 5.7 - (left) Measured SAXS intensity I(Q) as a function of the scattering vector Q and (right) 
respective diameter distributions for samples implanted with IxlO'^cm"^ and annealed in either Ar, O2 or 
FG at the temperatures indicated. The scattering contribution of unimplanted Si02 is also plotted for 
comparison. Note the different horizontal scales on the diameter distributions. 
Figure 5.8 shows an Arrhenius plot of the squared mean NC radius for samples 
annealed in Ar, O2 or FG. Activation energies (Eacd for Pt NC growth were 0.83 ± 0.10 
and 1.34 ± 0.05 eV for annealing in Ar and O2, respectively. Two distinct temperature 
regimes for NC growth are apparent for annealing in FG - at temperatures < 900 °C, Eaa 
= 0.09 ± 0.01 eV while above 900 °C, Eact = 1.93 ± 0.33 eV. Similar observations have 
been reported for other metals/"*' ^^  where the sluggish and effectively temperature 
independent increase in NC size at low temperatures was attributed to a growth 
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mechanism governed by irradiation-induced disorder. The different activation energies 
suggest differences in the interaction of the anneahng ambient with the matrix and/or Pt 
atoms (the latter exhibits a defect-mediated diffusion mechanism in For 
example, annealing in O2 may enhance Pt atomic transport in SiOi in a manner 
analogous to that observed for Au,^^ in contrast to annealing in inert Ar, where no 
thermodynamic interactions are anticipated. Annealing Au NCs in a Hi-containing 
ambient (Ar : Hi)^^ yielded no significant differences in contrast to our observations for 
Pt NCs which, when annealed in FG, exhibit a much higher activation energy for 
temperatures beyond 900 °C. The influence of this H chemisorption on the electronic 
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Fig. 5.8 - Arrhenius plot of the squared mean NC radius {R') as a function of the inverse temperature (kb 
is the Boltzmann constant, T is the annealing temperature). The corresponding annealing temperatures are 
shown on the top. The lines are linear fits to the experimental data. 
Figure 5.9 compares the size distributions determined from SAXS and TEM for 
samples implanted with different fluences and annealed in FG at 1100 °C for one hour. 
In contrast to other metals,'^' ^ the implantation fluence does not significantly affect the 
mean Pt NC size, therefore, it must influence the NC density (number of particles per 
unit volume). Greater Pt fluence (or equivalently greater concentration) results in 
greater disorder, hence, greater NC density, consistent with the results shown in section 
5.2.^ Samples with concentration maxima ranging from 0.3-9.0 at. % exhibit mean NC 
diameters varying from only 3.4-2.9 nm. Higher fluences yield smaller NCs as a result 
of the disorder-mediated nucleation of Pt NCs. Similarly, the broad size distributions 
90 
CHAPTER V - Platinum nanocrystal formation 
characteristic of metallic NCs produced by ion implantation^^ are not observed. For 
example, annealing in Ar (Fig. 5.7) at temperatures of 1100-1200 yields mean NC 
diameters that vary from 2.8-4.0 nm with standard deviations of less than 15%. The 
distributions differ slightly from Gaussian and are skewed to smaller sizes for a fluence 
of l.SxlO'^cm"- and to larger size for fluences > 5xlO'^ cm l Such asymmetry may also 
be associated with the different, fluence-dependent extent of disorder. Given NC 
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Fig. 5.9 -Diameter distributions obtained from SAXS and TEM measurements for samples implanted 
with different tluences (as indicated in each panel) and annealed in FG at 1100 °C. 
5.3.3 -H chemisorption 
Figure 5.10(a) shows Pt L? near-edge absorption spectra for samples annealed in 
Ar, O2 or FG. The difference in energy between the inflection points of the absorption 
edges {£,) for NC samples and the crystalline foil is shown in Fig. 5.10(b) as a function 
of NC size. Annealing in Ar or O2 ambients yields similar results in both Figs. 5.10(a) 
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and (b). For NCs with mean diameter < 2.0 nm, f , is shifted to higher energies (0.5-1.5 
eV) relative to the crystalline foil as a result of finite-size-related perturbations to the 
electronic properties of Pt NCs.'^ This shift decreases with increasing diameter, as the 
NCs become more bulk-like and is negligible beyond 4.0 nm. In contrast, samples 
annealed in FG exhibit the largest shift (1.5-2.0 eV) for the biggest NCs. 
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Fig. 5 . 1 0 - (a) Normalized XANES spectra for the L3 edge of the Pt foil and the NC samples annealed in 
either Ar, O2 or FG, at different temperatures, as indicated on the graphs. All spectra were energy 
calibrated relative to a Pt reference foil measured simultaneously with the samples, (b) Difference 
between Ej of the NC samples and the Pt foil as a function of NC diameter, where Ej is the inflection point 
of the Pt L3 edge. 
The white lines of samples annealed in Ar, O2 and FG were fitted as described in 
Chapter IV and the fits for samples annealed in the latter atmosphere are shown in Fig. 
5.11(a). The area encompassed by the Lorentzian was considered proportional to the 
number of d electron vacancies.^^' ^^  For NCs > 3.0 nm (where finite-size-related 
perturbations are negligible), the difference between the area of the Lorentzian and that 
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of the foil is indicative of the amount of H chemisorbed (where each Pt-H bond 
generates one extra d electron vacancy in the Pt atom"^'). Fitting results are listed in 
Table 5.3 and plotted in Fig. 5.11(b) as a function of NC size. For NCs < 3.0 nm in 
diameter, results are independent of ambient and dominated by finite-size effects. For 
larger particles, annealing in Ar or O2 yields near bulk-like behavior while annealing in 
FG results in a significant increase in white line area as consistent with H 
chemisorption. For such samples, the shift in apparent in Fig. 5.10(b) results from the 
broadening of the white line. Our results are consistent with previous studies for 
supported Pt NCs where both the energy of the L3 edge and white line intensity where 
influenced by H chemisorption.^"' ' 
Both atomic H and H2 have the ability to permeate a-Si02 with diffusion rates 
that increase with temperature. The activation energy for diffusion was reported to be 
0.16-0.19 eV for atomic H and -0 .38 eV for H2 in a-Si02 (for temperatures between 5 
and 80 °C, at l e a s t ) . ^ ^ Given the significanUy higher activation energy for NC growth 
(annealing in FG, Fig. 5.8), no obvious correlation between the two processes is 
apparent (H diffusion and NC growth). The H uptake by the Pt NCs is thus not 
hampered by the H diffusion rate in the matrix, but rather by size related effects and/or 
the annealing temperature itself. 
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Fig. 5.11 - (a) Normalized XANES spectra for the Pt L j edges of samples implanted with IxlO' ' ' cm^ and 
annealed in FG at the temperatures shown. The doted lines represent the fitting to the data. Spectra 
vertically offset for clarity, (b) Area of the Lorentzian fitted to the XANES data (white line peak) 
as a function of NC diameter. 
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Table 5.3 - Results obtained by fitting a Lorentzian curve to the white line of the XANES spectra for 
each annealing environment at different temperatures. Area Lor. is the area of Lorentzian and N n c - m i i s 
the difference between the area of the Lorentzian fit to the NC and the Pt foil, shown in percentage 
relative to the area for the Pt foil. The light green shaded values are the ones dominated by the finite-size 
effects. 
Annealing Argon Oxygen Forming Gas 
Temp. Area Lor. NNc-foii (%) Area Lor. NNc-fo i i (%) Area Lor. NNC-foi l (%) 
500 °C - - - _ 8.7 18.8 ±0 .8 
800 °C 8.5 16.6 ±0 .6 8.5 16.5 ±3 .3 8.1 4.0 ±7 .1 
900 °C 8.8 20.7 ± 4.3 7.8 6.8 ± 1.0 - -
1000 °C 7.6 3.7 ±0 .6 7.3 -0.4 ± 0.4 7.4 1.1 ± 1.2 
1100°C 7.1 -2.1 ± 1.5 7.2 -1.2 ± 1.3 8.0 9.3 ± 0.6 
1200°C 7.4 0.4 ± 0.4 6.9 -5.2 ±0 .5 8.1 11.5 ±0 .8 
1300 °C - - 6.9 -4.7 ± 0.2 9.2 26.1 ± 2 . 2 
Following Kubota and co-workers'^^' quantification of the H content from 
XANES analysis would necessitate an appropriate calibration curve, at present lacking 
for our materials system (though under development). None the less, our qualitative 
findings demonstrate the applicability of this form of XANES analysis to the study of H 
chemisorption in Pt NCs and, as shown in the following section, are invaluable for the 
interpretation of the EXAFS results. 
5.3.4 - NC structure 
Figure 5.12 shows /r^-weighted EXAFS spectra acquired at 20 K and 
corresponding non-phase-corrected Fourier transforms (FTs) for samples implanted 
with IxlO'^ cm"^ and annealed in Ar or EG at temperatures ranging from 500 - 1300 °C. 
(Similar results were apparent for Ar and O2 ambients and thus only the former are 
shown.) Refined fitting parameters for the first NN shell are listed in Table 5.4. 
Scattering contributions from the first four NN shells are apparent in the FTs for 
annealing temperatures > 1000 °C, consistent with the FCC structure of metallic Pt. For 
an Ar (and O2) ambient, the increase in amplitude of the first NN peak is the result of 
the increase in NC size at higher annealing temperatures as apparent from both TEM 
and SAXS (Figs. 5.6 and 5.7, respectively). With reference to Table 5.4, the decrease in 
surface-to-volume ratio with increasing NC size yields an increase in average CN (due 
to a lesser relative fraction of undercoordinated surface atoms) and a decrease in 
structural disorder (due to a lesser relative fraction of relaxed/reconstructed surface 
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atoms') both of which contribute to the increase in amplitude. For samples annealed in 
FG, the largest NCs (1300 °C) yield an amplitude less than that of smaller sized NCs 
(1000-1200 °C). 
1 I r 
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Fig. 5.12 - (top graphs) k^-weighted and (bottom graphs) the respective Fourier-transformed (non-phase 
corrected) EXAFS spectra of the Ft foil and Ft NCs implanted with I x l O ' ' cm'^ and annealed in Ar or FG 
at the temperatures shown in the graphs. Spectra in the top graphs have been vertically offset for clarity. 
* A complete description of disorder at N C surface layers can be found in r e f . ' ' 
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Table 5.4 - Structural parameters obtained from first NN shell EXAFS analysis. 
Sample CN (atoms) Bond-length (A) MSRD (A^) C, (10"' A"') 
Pt foil 12 2.759 ±0 .001 0.0017 ± 0.0001 - 2 ± 1 
1200 °C 11.5 ± 0 . 7 2.745 ± 0,003 0.0023 ± 0.0002 -4 ± 3 
c 1100°C 9.8 ± 0 . 5 2.747 ± 0.003 0.0031 ± 0 . 0 0 0 2 5 ± 3 0 W) Ui 1000 °C 8.8 ± 0 . 7 2.742 ± 0.005 0.0041 ± 0 . 0 0 0 3 8 ± 5 < 900 °C 6.6 ± 0 . 6 2.741 ± 0 . 0 0 6 0.0055 ± 0.0005 29 ± 7 
800 °C 6.2 ± 0.4 2.728 ± 0.004 0.0067 ± 0.0004 1 7 ± 5 
1300 °C 12.3 ± 1.1 2.753 ± 0.005 0.0013 ± 0.0003 - 5 ± 5 
c 1200 °C 12.0 ± 0 . 9 2.750 ± 0.004 0.0015 ± 0.0003 - 5 ± 4 0) 00 1100°C 11.9 ± 0 . 7 2.751 ± 0 . 0 0 3 0.0017 ± 0.0002 0 ± 3 >» X 1000°C 10.9 ± 1.4 2.743 ± 0.008 0.0029 ± 0.0005 1 ± 3 
0 900 °C 7.4 ± 0 . 5 2.739 ± 0.004 0.0049 ± 0.0003 1 2 ± 5 
800 °C 5.2 ± 0 . 9 2.723 ±0 .011 0.0054 ± 0.0008 1 4 ± 13 
c/; 1300 °C 9.5 ± 2 . 1 2.801 ± 0 . 0 1 3 0.0034 ± 0.0009 14 ± 14 cd 
O 1200 °C 10.1 ± 1.0 2.777 ± 0.006 0.0021 ± 0 . 0 0 0 4 7 ± 5 
Oli 1100°C 10.4 ± 0 . 5 2.765 ± 0.003 0.0025 ± 0.0002 6 ± 3 
E 1000°C 9.1 ± 0 . 5 2.755 ± 0 . 0 0 3 0.0028 ± 0.0002 5 ± 3 
1 800 °C 7.3 ± 1.4 2.709 ± 0 . 0 1 2 0.0086 ± 0 . 0 0 1 2 38 ± 17 MH 
500 °C 6.4 ± 1.7 2.687 ± 0 . 0 1 7 0.0093 ± 0.0020 35 ± 31 
CN = coordination number, M S R D = mean-square relative displacement, C3 = third cumulant. 
Figure 5.13 shows the CN (from EXAFS) as a function of NC size (from 
SAXS). For comparison, the size-dependent average CN for spherical FCC particles 
calculated from"'" 
CN,,=\2-{\-iR^j2D) (5.1) 
is also included, where is the nearest neighbor distance and D is the NC diameter. 
Experiment and theory agree well with the exception of the large NCs annealed in FG. 
For such samples, H chemisorption not only reduces the CN but, as shown in Fig. 5.14, 
also increases the MSRD (circled). Clearly H chemisorption induces considerable 
structural perturbations in the Pt NCs. The general increase in structural disorder with 
decreasing NC size apparent in Fig. 5.14 is the result of the greater fraction of 
(relaxed/reconstructed) surface atoms, mentioned above, and the associated broadening 
of the bond-length distribution.'"^ Note the increase in MSRD is linear with inverse 
diameter or, equivalently, the surface-to-volume ratio. 
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Fig. 5.13 - First NN shell coordination numbers (CN) determined by EXAFS analysis for Pt NC samples 
annealed in Ar, O2 or EG as a function of mean NC diameter determined from SAXS analysis (symbols). 
The dashed line represents the values calculated for an FCC spherical particle. 
The difference in Pt-Pt bond-length between the foil and NC samples, Rtuik'^ ^NCi 
is plotted in Fig. 5.14 as a function of the inverse diameter. For samples annealed in Ar 
or O2, a bond-length contraction is observed, the magnitude of which increases as NC 
size decreases and is the result of capillary pressure."^'' Using a simple liquid-drop 
model, as we previously demonstrated for Au"'' and Cu NCs,'^ '^  the surface tension y can 
be calculated from:'^'* 
(5.2) 
where K is the bulk compressibility. Using Kp, = 4.34x10'^ GPa"',"^^ yields y = 1.7 ± 0.4 
and 1.2 ± 0.1 j W for annealing in Ar and O2, respectively, similar to that reported for 
bulk Pt (2.6-3.5 J/m^ but less than that determined from high energy electron 
diffraction of Pt NCs (3.7-10.6 nm) formed by vacuum evaporation on C grids (3.37-
3.89 j W ) . ' " Such differences may be influenced by the embedding matrix in the 
present case. 
Annealing in FG yields a significantly greater value of surface tension (8.6 ± 0.5 
J/m^) and a bond-length expansion for the larger NCs where an appreciable H content 
was measurable with XANES. A bond-length expansion has also been reported in small 
Pt clusters subsequent to H chemisorption and attributed to a H-induced decrease in 
electron density between Pt a t o m s . H atoms were bound to the Pt cluster surface 
for temperatures up to 500 °C. 
32, 46, 47 For the much increased annealing temperatures 
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used herein (< 1300 °C), the H content may not be confined to the NC surface but is 
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Fig. 5 . 1 4 - (left) M S R D as a function of the inverse N C diameter for samples annealed in Ar, O2 or FG 
(symbols), (right) Dif ference between the bond-length of Pt foil and NCs , Rbuik - Rnci as a 
function of the inverse N C diameter for samples annealed in Ar, O2 or FG. In both graphs the 
solid lines are linear fits to the experimental values. 
It is known that inside a sphere of diameter D acts a capillary pressure CP of 
magnitude: 




where y is the average surface stress of the material."^^ Figure 5.15 shows the capillary 
pressure as a function of inverse NC diameter for Pt NCs annealed in Ar or O2, with 
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Fig. 5 . 1 5 - Capillary pressure as a funct ion of inverse N C diameter . 
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As apparent from Fig. 5.15, the pressure in the NC core increases with 
decreasing NC size. For samples annealed in Ar or O2, the results are in good agreement 
with those reported by Meyer et al."^^ Note that FG samples were not included here 
given the non-zero bond-length contraction/expansion observed in large NCs (Fig. 5.14) 
and, consequently, the results were not attributed to surface related effects only. 
The decreasing asymmetry of the interatomic distance distribution (C3) with 
increasing NC size (Table 5.4) is consistent with the Pt NCs becoming more bulk like. 
Such asymmetry arises from the presence of multiple bond-lengths within the NCs, 
including contracted bond-lengths in the core and less contracted (possibly expanded) 
bond-lengths at the surface. The former is a result of capillary pressure (Fig. 5.15), 
while the latter results from the relaxation of surface atoms. The greatest asymmetry 
was observed for the smallest NCs, which also exhibited the shortest average bond-
lengths, suggesting the bond-length relaxation of surface atoms must be small compared 
to the contraction of the core atoms. The smaller the NC, the greater the surface-to-
volume ratio and the greater the capillary pressure. The overall effect is an average 
bond-length contraction and positive C3 that increases with decreasing NC size. 
5.4 - Temperature-dependent EXAFS 
The use of EXAFS as a probe of vibrational and thermal properties has been 
under constant development as evident in the representative works comprising 
references^' Recently, Fornasini and co-workers'^^' '''' have highlighted the 
differences between parameters measured by EXAFS and x-ray diffraction. From 
temperature-dependent EXAFS measurements, one can obtain information on the 
variation of the mean value (interatomic distance), variance (MSRD) and asymmetry 
(C3) of the first-shell interatomic distance distribution over the given temperature range. 
The Einstein temperature, the thermal and structural contributions to total disorder, the 
anharmonicity of the effective pair potential and the linear thermal expansion 
coefficient can all be extracted from the experimental data via the appropriate 
combination of a correlated Debye or Einstein model and thermodynamic perturbation 
theory.''^"''" It has been previously demonstrated that this approach can be readily 
extended to the study of embedded metal and semiconductor NCs and here we have 
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applied this metiiod to Pt NCs produced by ion implantation in a-SiOa to study their 
vibrational and thermal properties as a function of NC size. 
Temperature-dependent EXAFS measurements were performed in samples 
implanted with Pt ions to a total fluence of IxlO'^ cm'^ and subsequently annealed in Ar 
or FG for one hour at 1000-1200 °C. Samples were measured at a minimum of eight 
temperatures and analyzed according to the procedure described in Chapter IV. 
Representative spectra are shown in Fig. 5.16 within which scattering from the first four 
nearest neighbours (NN) shells is apparent. Clearly the amplitude decreases as the 
measurement temperature increases or, equivalently, as thermal disorder becomes more 
significant. Comparing NC and bulk sample spectra at a given measurement 
temperature, the decreased amplitude of the former is the result of finite-size effects, 
specifically the reduced average CN and enhanced structural disorder associated with 
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Fig. 5.16 - (left) weighted and (right) Fourier-transformed (non-phase-corrected) EXAFS spectra. 
Measurement temperatures are specified in the legend. 
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5.4.1 - MSRD and Einstein temperatures 
The general increase in MSRD with increasing measurement temperature is 
readily apparent in Fig. 5.18 for all samples and, as before, is the result of increasing 
thermal disorder. Fitting with Eq. (4.5) enables us to separate the structural and thermal 
contributions to the total disorder and determine the Einstein temperature. Values are 
listed in Table 5.5 as a function of annealing temperature, annealing ambient and mean 
NC diameter. For the Pt foil, our results agree well with those of Kang et al. For the 
Pt NCs, Fig. 5.19(a) demonstrates that structural disorder increases with a decrease in 
NC size or increase in surface-to-volume ratio as the relaxation of under-coordinated 
surface atoms results in a wider distribution of interatomic distances, consistent with the 
results shown in Fig. Similar values have been reported for Pt ^^ ^^  
other metallic NCs.'^^' ^^  Note that samples annealed in FG at 1200 °C (7.4 nm) 
exhibit greater structural disorder due to H chemisorption as outlined earlier.^"^ 
Table 5.5 - Values of mean N C diameter (ZJmean) estimated f rom S A X S measurements , the structural 
contribution to total disorder the Einstein temperature ( ) and the thermal expansion of 
interatomic distances (AR) between 20 and 295 K obtained f rom E X A F S analysis. 
Sample Dmean (nm) (^sialic ) e^cK) A;? (A) 
Pt foil - 0.0003 ± 0.0001 179 ± 2 0.014 ± 0 . 0 0 1 
1 2 0 0 ° C 
Ar 1 1 0 0 ° C 
1 0 0 0 ° C 
4.0 ± 0 . 6 
2.8 ± 0 . 4 
1.8 ± 0 . 2 
0.0007 ± 0 . 0 0 0 1 
0 .0019 ± 0.0001 
0.0031 ± 0 . 0 0 0 1 
1 7 8 ± 2 
177 ± 3 
194 ± 5 
0 .013 ± 0 . 0 0 1 
0.006 ± 0 . 0 0 1 
0.005 ± 0.001 
1 2 0 0 ° C 
FG I 1 0 0 ° C 
1000°C 
7.4 ± 1.3 
3.5 ± 0 . 5 
2.7 ± 0.4 
0.0012 ± 0.0001 
0 .0013 ± 0.0001 
0.0015 ± 0 . 0 0 0 1 
I 7 8 ± 2 
182 ± 1 
183 ± 1 
0 .016 ± 0 . 0 0 2 
0 .010 ± 0 . 0 0 1 
0 .006 ± 0 . 0 0 1 
With reference to Table 5.5, the Einstein temperature of the smaller NCs (< 3 
nm) increases relative to that of the Pt foil indicative of stiffer bonding. 
Higher values have also been reported for free-standing and/or functionalised Pt NCs 
of comparable size. ' ' ' ^^  The larger Pt NCs (including those with chemisorbed H) 
rapidly converge to bulk-like values again consistent with previous observations for 
free-standing Pt NCs.'^ Neither the a-Si02 matrix nor chemisorbed H significantly 
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influence the Einstein temperature of the Pt NCs examined here. The higher values 
observed for the smaller NCs are due to capillary pressure which shifts the vibrational 
density of states (VDOS) upwards 48, 67 (as shown in Fig. 5.17 for Cu"^ )^ and, as 
described previously, reduces the interatomic distance. 
— PFCC 
— p = O.OGPa 
• p = 1.5 GPa 
T 1 1 1 T 
o 
z 
10 20 30 
Phonon Energy (meV) 
Fig. 5.17 - Normalized VDOS of crystalline fee Cu under pressures of 0 and 1.5 GPa and the 
contribution of the core atoms in a cluster with 791 atoms (PFCC). Figure extracted from Meyer et al.*^ 
Capillary pressure is the result of surface curvature and, according to the Kelvin 
equation, varies inversely with NC diameter,"*^' ^^  as shown in Fig. 5.15. Figure 5.19(b) 
shows that scales with inverse NC diameter and thus capillary pressure. Reports for 
other metal NCs (~3 nm) embedded in a-Si02 indicate the Einstein temperature may be 
either lower (Cu and Sn or similar (Au to that of bulk standards. The former 
was attributed to loosely-bound surface/interfacial atoms shifting the VDOS downwards 
to a greater extent than the counter balancing effect of capillary pressure. Clearly an 
intricate interplay between finite-size effects (capillary pressure and surface disorder), 
surface functionalisation (including H chemisorption) and the embedding matrix must 
govern the vibrational properties of NCs. From the results presented here, we conclude 
that finite-size effects, specifically capillary pressure, are the dominant influence for Pt 
NCs. 
102 
CHAPTER V - Platinum nanocrystal formation 
Pt foil 
o 1200°C 
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Fig. 5 . 1 8 - M S R D as a function of measurement temperature. Dashed lines are fits to the experimental 
values using Eq.(4.5). 





Fig. 5.19 - (a) Structural contribution to the M S R D as a function of inverse NC diameter, (b) Einstein 
temperature as a function of inverse NC diameter. 
5.4.2 - Bond-lengths and third cumulants 
Values for R and C3 are plotted in Fig. 5.20 as a function of the measurement 
temperature. The pressure exerted on the NC core as a result of surface curvature yields, 
in general, a reduced interatomic distance relative to that of the Pt foil, consistent with 
previous reports for other metals.'^' ^^  As the NCs increase in size, the capillary 
pressure decreases in magnitude and, accordingly, R approaches the bulk value. 
Samples with chemisorbed H (those annealed in FG at 1100 and 1200 "C) remain the 
exception with R values comparable to or greater than the bulk value. This difference 
increases as a function of H content or, equivalently, the annealing temperature in FG. 
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From Fig. 5.20, the interatomic distances clearly increase with measurement 
temperature. The linear thermal expansion ( A R - R295K - RIOK) is presented in Fig. 5.21 
as a function of inverse NC diameter, with values listed in Table 5.5. Excluding the 
sample with appreciable chemisorbed H, NCs exhibit less thermal expansion than the Pt 
foil and the difference becomes more pronounced as the NC size decreases. Comparing 
our results with those for free-standing Pt NCs'^ (where NC > 2.4 nm show positive 
thermal expansion similar to that of the bulk), the a-Si02 matrix appears to restrict the 
thermal expansion of embedded Pt NCs consistent with the negative thermal expansion 
coefficient of a-Si02 below 180 K and a very low yet positive coefficient above this 
temperature.®^'Similar results have been reported for Ge NCs. ' ' Other reports include 
nil thermal expansion for functionalized Pt NCs®'' and an unusual negative thermal 
expansion for Pt NCs supported on AhO,^ ,®^ the latter attributed to Pt-Al203 interaction. 
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Such results illustrate that finite-size effects, surface functionalisation and the 
surrounding environment can also influence the thermal properties of Pt NCs. 
< 
c 0 . 0 1 6 -0 
c TO 
I" 0.012 H 
ro E 1 SI 
n; <u c 
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0 . 0 0 8 - \ 
0.004 -
• Forming Gas 
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Fig. 5.21 - Linear thermal expansion as a function of inverse NC diameter. 
The dashed line is a guide to the eye. 
For all samples, Fig. 5.20 also demonstrates the asymmetry of the interatomic 
distance distribution increases with an increase in measurement temperature as expected 
from the anharmonicity of the effective potential. The spectra are offset vertically as a 
result of differences in the structural contribution to C3 and generally this component 
increases with a decrease in NC size in good agreement with results for supported Pt 
NCs. 63 
5.6 - Conclusions 
In summary, we have investigated the formation, structural and thermal 
properties of Pt NCs formed in a-Si02 by ion implantation and thermal annealing. The 
nucleation behavior was studied by irradiating a-Si02 with Ge ions prior to Pt 
implantation. Without ion irradiation, the largest Pt NCs ( -5 .5 nm) were formed at 
depths where the irradiation-induced vacancy production was minimal, in contrast to 
other metals. With ion irradiation prior to NC formation, the mean Pt NC diameter 
decreased as the irradiation fluence increased. Saturation of the NC diameter at ~3 nm 
was observed when the energy deposited in vacancy production reached -2x10^^ 
keV/cm^. We suggest Pt NCs readily nucleated on irradiation-induced disorder, the 
nature of which was not identified but was unlikely to be a single defect configuration. 
105 
CHAPTER V - Platinum nanocrystal formation 
High-energy ion irradiation of SiOa prior to Pt NC formation, producing a near-constant 
concentration of irradiation-induced vacancies over the extent of the SiOi layer, yielded 
a more uniform Pt NC size distribution and thus represents an effective means of 
tailoring the Pt NC diameter. 
We have characterized the influence of ion implantation and thermal annealing 
conditions on Pt NC formation in a-Si02. TEM and SAXS measurements demonstrated 
NC size is strongly dependent on both annealing temperature and ambient. In contrast, 
the implantation fluence had a much smaller effect with lower fluences actually yielding 
larger sizes as attributed to a defect-mediated nucleation process. Compared to other 
metallic NCs produced under similar conditions, Pt NCs are smaller and exhibit very 
narrow size distributions. 
Size dependent bond-length contraction and increasing structural disorder were 
observed, attributed to finite size effects and increasing capillary pressure with 
decreasing NC size. 
XANES measurements demonstrated the presence of Pt-H bonding in NCs 
annealed in FG at high temperatures. In large NCs (> 3.0 nm), H chemisorption induced 
a bond-length expansion, a decrease in Pt coordination number and an increase in 
structural disorder as apparent from EXAFS measurements. The surface tension for 
such hydrogenated Pt NCs was strikingly different from that of bulk material and NCs 
annealed in Ar or O2. Clearly H chemisorption yields significant structural perturbations 
in Pt NCs. 
The vibrational and thermal properties of Pt NCs embedded in a-SiOa have been 
characterized using temperature-dependent EXAFS analysis. The interatomic distance, 
structural and thermal disorder and asymmetry have been determined as a function of 
measurement temperature and NC size. Relative to bulk values, the structural disorder 
and mean vibrational frequency increased as the NC diameter decreased. Pt NCs thus 
exhibit stiffer bonding compared to their bulk counterparts. The vibrational properties of 
embedded Pt NCs are not significantly influenced by the a-SiOi matrix or H 
chemisorption. The constraint imposed by the matrix can, however, reduce the thermal 
expansion of embedded Pt NCs. 
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CHAPTER VI 
SWIFT HEAVY ION IRRADIATION OF 
PLATINUM NANOCRYSTALS 
This chapter reports on the swift heavy ion irradiation ofPtNCs. Transmission electron 
microscopy, small-angle x-ray scattering and x-ray absorption fine structure (near-edge 
and extended regions) were used to investigate the changes in NC shape, size and 
structure, as well as the changes in H content induced by swift heavy ion irradiation. 
C H A P T E R VI - Swift heavy ion irradiation of platinum nanocrystals 
6.1 - Introduction 
The understanding of NC propeities as well as the ability to control parameters 
like size, shape and structure are essential for the development of novel functional 
materials and devices.' As demonstrated in the previous chapter, parameters like bond-
length, coordination number (CN) and atomic disorder are size dependent and can differ 
significantly from bulk values. Furthermore, NC properties are also influenced by their 
^ 3 
shape. Examples include linearly polarized emission of semiconductor quantum rods,"' 
anisotropic magnetic properties of elongated Co NCs'^ and enhanced catalytic activities 
of non-spherical Pt NCs."' We are able to tailor the size distribution of spherical NCs 
using ion irradiation prior^ or subsequent^' ^ to NC formation along with varying the 
implanted atom concentration and annealing conditions.^ 
Swift heavy ion irradiation (SHII) is an important tool in the modification of 
m a t e r i a l s . I n the energy regime above tens of MeV, the ion-matter interaction is 
dominated by electronic energy loss with the energy locally deposited along the ion 
path.''^ Effects that arise from this form of interaction include the deformation of 
metallic and semiconductor NCs. Interestingly, the deformation of semiconductor NCs 
yields elongation perpendicular to the incident ion beam d i r e c t i o n , w h i l e metallic 
NCs elongate parallel to the beam direction.'^' This intriguing behavior of metallic 
NCs under SHII may yield applications in advanced devices given NC magnetic'^ and 
optical^ properties strongly depend on orientation. D'Orleans et al.^ suggested NC 
melting combined with creep deformation drives the elongation process though 
Klaumunzer'^ pointed out the limitations of such a model. A thorough understanding of 
the deformation process is still lacking and only scant and sometimes contradicting 
results (like the deformation of Ag NCs under SHII, which was reported by Oliver et 
but not observed by Penninkhof et al?^) have been presented thus far. 
This chapter reports on the effects of SHII of Pt NCs formed by ion implantation 
in amorphous SiOa (a-Si02). The deformation process was studied as a function of NC 
size, irradiation fluence and energy to give a broad perspective of the shape 
transformation. It also includes the effects of SHII on the H desorption and structural 
properties of embedded Pt NCs. X-ray absorption fine structure (near edge (XANES) 
and extended (EXAFS) regions), as well as small-angle x-ray scattering (SAXS) and 
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transmission electron microscopy (TEM) analyses were used to investigate parameters 
like NC size, shape, CN, bond-length, mean-square relative displacement (MSRD), as 
well as NC dissolution and H desorption. The Pt-H bonding, previously identified in 
samples annealed in forming gas (FG) at temperatures above 1000 diminished 
upon SHII, resulting in dramatic changes in the NC structural parameters. 
6.2 - Experimental 
Pt NC-containing samples were prepared by ion implantation and thermal 
annealing as described in Chapter V. Unless otherwise stated, the samples were 
annealed in FG. Subsequently, the samples were irradiated with 27, 55, 89 or 185 MeV 
Au ions at room temperature with fluences varying from IxlO'^-lxlO'"^ cm"^. The 
electronic energy loss was near constant over the depth of the SiOa layer and of 
approximate value 4, 8, 12 and 17 keV/nm, respectively. The nuclear energy loss was 
significantly lower than the electronic,^'' as shown in Fig.2.1, and was thus considered 
negligible. 
TEM, SAXS and XAFS measurements were used to evaluate the shape, size and 
structure (including H desorption) evolution of the Pt NCs as a function of irradiation 
fluence. The sample preparation and data analysis methods are those described in 
Chapter IV. 
6.3 - NC shape transformation 
Figure 6.1 shows TEM micrographs of Pt NCs irradiated with 185 MeV Au 
ions. The left panels show the evolution of the NC shape and size as a function of 
irradiation fluence. Prior to irradiation, the NCs are of diameter 14.5 nm (with standard 
deviation of 1.8 nm (Table 6.1)) and, as shown in the inset on the right panel of Fig. 6.1, 
are spherical and single crystalline. Upon irradiation, the NCs elongate in the direction 
parallel to the incident ion beam with increasing aspect ratio for fluences < 2x10'"^ cm'^. 
They exhibit polycrystalline morphology, as apparent from the high resolution TEM 
image shown on the right panel of Fig. 6.1. For SHII fluences above 2xlO''^ cm"^, the 
aspect ratio decreases due to dissolution and fragmentation via Rayleigh instability,^^ 
the latter similar to that observed for annealed nanowires.^^ Fragmentation can be 
113 
C H A P T E R VI - Swift heavy ion irradiation of platinum nanocrystals 
observed in the bottom panel of Fig. 6.1, which shows elongated Pt NCs irradiated with 
4x10'^^ cm"^. Surrounding the elongated NCs are very small Pt clusters < 1 nm in 
diameter resulting from NC dissolution. Their small size was below the minimum 
required for quantitative TEM and SAXS analysis. 
beam direction 
m a M r i i i m i f i f t l i i ^ - I M i r - il m m m a t •iiiiiw i f i i i m ^ 
Fig. 6.1 - (left) TEM micrographs of Pt NCs (mean diameter 14.5 nm prior to SHII) irradiated with 185 
MeV Au ions at fluences indicated on the panels, (right) High resolution images of elongated and 
spherical Pt NCs. (bottom) Magnified view of Pt NCs irradiated with 4x10" ' cm"l 
The evolution of the NC dimensions under SHII is demonstrated in Fig. 6.2 
which shows the minor dimension (Dminor) as a function of the major dimension (D^ajor) 
measured from TEM micrographs (each point represents the mean value of Dminor for a 
given Dmajor ± 1 nm). Elongation is only observed for NCs exceeding a threshold 
diameter of -6.5 nm for irradiation at 185 MeV. NCs larger than the threshold diameter 
elongate until Dminor saturates at this same threshold value, yielding a very narrow 
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distribution for Dminor- Simultaneously, Dmajor increases significantly for SHII fluences < 
2x10'"^ cm"" yielding aspect ratios as great as 10 (not apparent from Fig. 6.2). For higher 
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Fig. 6.2 - NC D m a j o r versus Dminor according to SHII fluence (185 MeV irradiations), 
as determined from TEM. 
Figure 6.3 shows SAXS scattering intensities as a function of Q following 185 
MeV Au ion irradiation. Scattering from the area within the vertical mask is plotted in 
Fig. 6.3(a), which originates from Dminor while scattering from the region encompassed 
by the horizontal mask is plotted in Fig. 6.3(b), corresponding to PDmajor at 45°. The 
associated dimension distributions are plotted in Fig. 6.3(c) and (d), which show the 
evolution of Dminor and PDmajor as a function of SHII fluence. The elongation of the NCs 
upon irradiation broadens the PDmajor distribution (Fig. 6.3(d)). At the same time, the 
reduction of Dminor is accompanied by a narrowing of the Dminor distribution (Fig. 
6.3(c)). The mean dimensions obtained from TEM and SAXS analysis of NCs irradiated 
with 185 MeV Au ions at different fluences, as well as the standard deviation of the 
distributions (when applicable) and the intensity correction calculated using Eq. (4.2) 
are presented in Table 6.1 for two NC sizes (8.4 and 14.5 nm prior to SHII). The values 
listed for the mean dimensions stem from the statistical average of the experimental 
data, not necessarily coinciding with the peak of the distributions. When the 
distributions could be approximated by a Gaussian, the standard deviations are also 
included. Note that for both size distributions, the mean NC diameter prior to SHII 
exceeded the threshold for elongation and, within experimental error, a common 
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saturation value for Dminor was observed upon SHII. These results agree well with TEM 
analysis as shown in Fig. 6.4, validating our approach used in the SAXS analysis of the 
rod-like NCs. The TEM distributions (Dminor and Dmajor) were corrected using Eq. (4.1) 
to enable comparison with the SAXS results. 
(b) Horizontal Masks ( P D ^ j J 
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Fig. 6.3 - Scattering intensity I(Q) as a function of the scattering vector Q for Pt NCs with mean diameter 
14.5 nm (prior to SHII) irradiated with 185 MeV Au ions at different fluences. Panel (a) shows the 
scattering integrated from the vertical masks and panel (b) from the horizontal masks, with the respective 
distributions shown in panel (c) and (d), which correspond to the NCs Dminor and PDmaj^ at 45° sample tilt, 
respectively. 
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Table 6.1 - , Dn,ajor and PD^ajor (45°) estimated from TEM. D„,j„o„ PD„,ajor and respective intensity 
corrections as a function of SHII fluence estimated from SAXS, a is the standard deviation of the 
distributions. 
SHII f luence 
(cm'-) 185 M e V 
T E M (nm) SAXS (nm) 
DmaJor±CF IC ' ^ minor IC major 






7.8 ± 1.4 
5 .4+1 .8 
5.2 ± 1.8 
7.8 ± 1.4 
6.2 ± 1.6 
7.4 ± 1.8 
7.8 ±1 .4 
5 .8+1 .2 
6.5 ± 1.3 
8.4 + 0.9 
7 .6+1 .3 
6.8 ± 1.4 
6 .5+1 .0 






8.5 + 0.8 
7 .7± 1.1 
7.0 + 0.9 
6.9 ±0 .8 












13.0 + 3.4 
9.7 ± 2.4 
6.6 ± 1.0 
13.0 +3.4 
13.1 + * 
21.1 ± * 
13.0 + 3.4 
11.6 + * 
L5.7±* 
14.5+1.8 
14.4 + 2.3 
10.9 ± 1.8 









14.4 + * 
14.7 ± * 






* Gaussian approximation not appropriate to fit the distributions. 
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Fig. 6.4 - SAXS (lines) and TEM (bars) particle dimension distributions for samples containing NCs with 
mean diameter 14.5 nm (prior to SHII) irradiated with 185 MeV Au ions at different fluences. The 
evolution of Dn,i„or is displayed on the left while the PDmajor (at 45° sample tilt) is presented on the right. 
The TEM distributions for the PDmajor were geometrically corrected using Eq. (4.1) to allow the 
comparison with SAXS results. 
Figure 6.5 shows TEM micrographs of 14.5 nm Pt NCs irradiated with 27, 55, 
89 and 185 MeV Au ions to a total fluence of 2xl0"^ cm"^ (left), as well as NCs 
117 
C H A P T E R VI - Swift heavy ion irradiation of platinum nanocrystals 
irradiated with different fluences of 27 and 89 MeV Au ions until saturation of Dminor 
was reached (right). For a fluence of 2x10'"^ cm"^, 89 and 185 MeV irradiations yield a 
saturation of Dminor (as previously demonstrated in Fig. 6.2 for the latter). However, at 
lower energies this fluence is insufficient to achieve saturation. 27 MeV/2xlO''^cm'^ 
irradiation yields images similar to that observed for 185 MeV with a fluence five times 
lower, where the NCs change from spheres to prolate spheroids. The electronic energy 
loss is approximately four times greater at 185 MeV compared to 27 MeV. Furthermore, 
the threshold diameter for elongation decreases with a reduction in ion energy as 
apparent from Fig. 6.6, which shows the evolution of Dmajor and Dminor following 
irradiations at different energies. Dminor saturation values are approximately 4.3, 5.2, 5.4 
and 6.7±0.1 nm (as obtained from a linear fit to the data) for 27, 55, 89 and 185 MeV. 
Fig. 6.5 - TEM micrographs of 14.5 nm Pt N C s (prior to SHII). (left) samples irradiated with ZxlO"* cm^^ 
at different energies (as shown in each panel), (right) samples irradiated with 27 and 89 M e V at different 
f luences (as shown in each panel). 
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Fig. 6.6 - D„,j„or saturation for different energies and fiuences (as determined by TEM). 
The minimum irradiation fluence for which changes in shape were observed was 
-lO'"' cm " (for 185 MeV irradiations), corresponding to -15 ion impacts over the cross 
sectional area of a NC of diameter 14 nm. Clearly elongation is not a single ion impact 
event but it is the result of successive ion/NC/matrix interactions. The shape 
transformation was observed for all irradiation energies (27-185 MeV) or equivalently 
over the range of electronic stopping powers (4-17 keV/nm). In all cases the latter 
exceed the threshold (~2 keV/nm) for molten track formation in a-Si02.^^ 
As demonstrated in Figs. 6.2 and 6.6, there is a threshold diameter for NC 
elongation at each irradiation energy. From a linear fit to the data above this threshold, 
we extracted the slope which is plotted in Fig. 6.7 (for NCs of mean diameter 14.5 nm 
prior to SHII) as a function of the total energy deposited by Au ions in SiO^ (energy 
density). A slope of zero corresponds to the saturation of Dminor- Any ion energy 
dependence is within experimental error. The energy density required to reach 
saturation is necessarily NC size dependent, with larger NCs requiring more energy to 
saturate Dminor as shown in the Fig. 6.7 inset for 185 MeV irradiations. The NC volume 
plotted in the inset is that of the particles before irradiation as estimated from the 
elongated particle volume corrected to account for dissolution (details on NC 
dissolution are shown in the next section of this chapter). 
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Fig. 6.7 — Slope extracted from linear fit to the data above the threshold diameter for elongation presented 
in Figs. 6.2 and 6.6 plotted as a function of energy density in S i 0 2 for samples containing NCs as large as 
19 nm diameter (prior to SHII). The inset shows the maximum N C volume for which Dminor saturation 
was observed as a function of energy deposited in the SiO^ (for 185 M e V irradiations). 
As reported by Toulemonde et SHII of a-SiO? can result in the formation 
of a latent track with a diameter dependent on the ion energy. Tracks result from the 
rapid quenching of a cylinder of matter in which the energy transferred into the lattice 
exceeds that necessary for melting. Track diameters range from 6-10 nm for electronic 
stopping powers of 4-17 keV/nm.^^ Note the similarity between such values and those 
for the threshold diameters for elongation and Dminor saturations for Pt NCs following 
SHII. Figure 6.8 shows theoretical^^ and experimental'® estimates of the track diameter 
in Si02 and the Dminor saturation for Pt NCs as a function of electronic energy loss. The 
track diameter in SiOa is larger than Dminor saturation for Pt NCs though both parameters 
scale with the electronic stopping power. We suggest the elongated metal NCs are 
confined by the molten track in amorphous SiOa and thus the shape transformation will 
not proceed in the absence of an embedding matrix as consistent with previous 
observations.'^ 
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Fig. 6.8 - Pt NC Dminor (saturation) and Si02 track diameter as a function of electronic stopping power. 
The latter was extracted f rom ref.^' and ref.^° 
6.4 - NC dissolution 
Figure 6.9 shows TEM images of Pt NCs with a mean diameter (3.2 nm) less 
than the minimum required for elongation. The well defined NC/matrix interfaces 
apparent in unirradiated particles (Fig. 6.9(a)) are lacking following irradiation with 185 
MeV Au ions to a total fluence of SxlO''^ cm'^ (Fig. 6.9(b)). There is no evidence of a 
shape change for particles of this size. SHII causes dissolution of the particles, which 
decrease in size upon irradiation as demonstrated by the SAXS analysis presented in 
Fig. 6.10. For NCs of diameter of 3.2 nm irradiated with 185 MeV Au ions, a 
progressive reduction in NC diameter as a function of increasing irradiation fluence is 
apparent. The mean NC diameter and the standard deviation of the distributions are 
presented in Table 6.2 as a function of SHII fluence. 
Fig. 6.9 - T E M micrographs of (a) unirradiated Pt NCs with 3.2 nm mean diameter and (b) the same NCs 
after SHII at 185 MeV Au ions to a total fluence of 3x10'" cm"l 
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Fig. 6 .10 - (a) Scattering intensity I(Q) as a funct ion of the scattering vector Q for Pt N C s with mean 
diameter 3.2 nm (prior to SHII) irradiated with 185 M e V Au ions at d i f ferent t luences and the scattering 
contribution of a blank Si02; (b) particle diameter distr ibutions for the same samples . 
Table 6.2 - Mean particle diameter (Dmean) and standard deviation 








unirradiated 3.2 0.4 
1x10'^  3.1 0.4 
0.9 at. % 5x10'- 2.9 0.4 
1100"C 1x10" 3.0 0.5 
5x10" 2.7 0.4 
3x10" 2.6 0.3 
From dimension distributions derived from SAXS, we extracted tlie total volume 
of scattering particles as a function of SHII fluence and particle size as shown in Fig. 
6.11 (for 185 MeV irradiations). (For the SAXS experimental arrangement described 
herein, we are sensitive to NCs of diameter > 1 nm). Clearly, for the same irradiation 
energy and fluence, smaller NCs are more readily dissolved in the matrix under 
irradiation, consistent with a larger surface-area-to-volume-ratio. These results are in 
agreement with those reported by Awazu et al?^ for the lattice temperature of Au NCs 
under SHII - the smaller the NC, the higher the lattice temperature. 
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Fig. 6.11 - Volume percentage of remaining NCs as a function of SHII fluence. The values are 
relative to the unirradiated samples and the calculations are based on the total volume occupied by the 
particles according to S A X S analysis. 
Fig. 6.12 shows the volume percentage of remaining NCs (with the same initial 
mean diameter (~8 nm)) irradiated with different energies and fluences. The main graph 
shows the total volume of NCs larger than ~1 nm as a function of energy density (i.e. 
the product of the electronic stopping power and the irradiation fluence) for samples 
irradiated with increasing fluences of 27, 89 and 185 MeV Au ions. The inset shows the 
same data as a function of SHII fluence, hence, data from different energies appear in 
separate curves. For a given energy (same particle size), dissolution is more pronounced 
the higher the irradiation fluence. However, the universal plot as a function of energy 
density demonstrates comparable dissolution can be achieved by different combinations 
of SHII energy and fluence. A similar effect was apparent in the elongation process 
(Fig. 6.5). When the energy density is comparable (for example, for samples irradiated 
with 89 MeV/2xlO'^ cm'^ and 27 MeV/5xlO'^ cm"^, corresponding to an energy density 
of ~ 2 keV/nm^), the NC shape and size are very similar. Note that dissolution due to 
SHII is a size dependent process, as shown in Fig. 6.11: the smaller the NC, the faster it 
dissolves, and it happens for all NC sizes regardless of e l o n g a t i o n . T h e results shown 
in Fig.6.12 correspond to samples with the same initial Dmean, hence the effects of SHII 
energy and fluence are highlighted with no influence of NC size. 
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Fig. 6.12 - Volume percentage of remaining NCs as a function of energy density (energy deposited into 
the SiOi). The inset shows the same data as a function of SHlI fluence. The values are relative to the 
unirradiated samples and the calculations are based on the total volume occupied by the particles 
according to SAXS analysis. 
TEM and SAXS results presented here clearly demonstrate that NC volume is 
not conserved upon irradiation, in contrast to previous reports. 4, 17, 19, 20 Figures 6.10 and 
11 show, respectively, the mean diameter and the total volume of NCs contributing to 
the scattering process decrease as a function of increasing irradiation fluence. For 
example, using the mean dimensions derived from SAXS and listed in Table 6.1, the 
volume of a spherical NC of diameter 14.5 nm is twice that of the rod with Dminor and 
P D m a j o r of 8.8 and 14.7 nm, respectively, observed after 185 MeV Au ion irradiation to a 
fluence of IxlO''^ cm"^. Furthermore, saturation of Dminor has yet to be achieved at such a 
fluence. 
As apparent from Fig. 6.10(b), Pt NCs below the threshold diameter for 
elongation dissolve into the matrix upon irradiation. Similar observations were reported 
by D'Orleans et al^ for small Co NCs irradiated with 200 MeV I ions though the 
dissolution of small particles was accompanied by the growth of large particles, 
consistent with Ostwald ripening. The latter was not evident for Pt NCs. Figures 6.10(b) 
and Fig. 11 demonstrated, respectively, that the average particle diameter and the total 
volume of particles contributing to the scattering process both decreased with irradiation 
fluence. The dissolved Pt could be in the form of monomers in an oxidized environment 
within the matrix and/or metallic clusters too small (< 1 nm) for detection by either 
TEM or SAXS. 
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6.5 - H desorption 
The results hereafter correspond to samples annealed in either O2 or FG for 1 hr 
at temperatures of 1200 and 1300 °C (now referred to with nomenclature FG/1300, for 
example). Annealing at 1200 and 1300 °C yielded spherical NCs with mean diameter of 
~8 nm and -14 nm, respectively. Figure 6.13 shows the NC size distributions obtained 
from TEM and SAXS analysis with TEM micrographs displayed on the background. 
5 10 15 20 
Particle Diameter (nm) 
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r 
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Fig. 6.13 - TEM (bars) and SAXS (line and symbols) diameter distributions measured for samples 
O2/I2OO, EG/1200 and EG/1300. Representative TEM micrographs are shown on the background. 
As demonstrated in the Chapter V, Pt NCs annealed in FG at temperatures above 
1000 °C chemisorb H. The H content varies as a function of annealing temperature 
and/or NC size, as determined from XANES analys is .Fol lowing the procedure 
described in Chapter IV, the H content was evaluated in FG/1200 and FG/1300 samples 
before and after irradiation with 89 and 185 MeV Au ions. The left panel in Fig. 6.14 
shows the XANES spectra of FG/1200 samples before and after irradiation with 89 
MeV Au ions, as well as the Pt foil. The area of the Lorentzian peak is plotted as a 
function of SHII fluence on the right panel. The decrease in NC size can affect the white 
line intensity and position, but this effect is only pronounced for NCs smaller than 3 nm 
in diameter (Fig. 5.11).^''" Furthermore, no differences were found in the O2 annealed 
samples, which are H-free and upon irradiation dissolve in a very similar manner to 
samples annealed in FG. The decrease in the area of the Lorentzian peaks for samples 
annealed in FG can thus be assigned to H desorption induced by SHII. Samples 
annealed at the highest temperature (1300 °C) had a greater H content, as previously 
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shown (Fig. 5.11). Upon irradiation, the H content progressively decreases as a function 
of fluence in samples annealed at both 1200 and 1300 °C. For a given annealing 
temperature (or equivalently a given NC size) and irradiation fluence, no significant 
differences are apparent when comparing irradiations at 89 and 185 MeV, as evident 
from the right panel in Fig. 6.14. 
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Fig. 6.14 - (left) Normalized Pt L3 edge XANES spectra of FG/1200 samples irradiated with 89 MeV Au 
ions at the fluences shown in the graph. The dashed lines represent the fitting to the data. Spectra offset 
vertically for clarity, (right) Area of the Lorentzian fitted to the XANES data (white line peak) as a 
function of SHII fluence. Both graphs also show the results for a Pt foil and unirradiated samples. 
SHII can induce latent track formation in a-SiOi, resulting from the rapid 
quenching of a cylinder of matter in which the energy deposited into the matrix exceeds 
that necessary for melting. 14, 30, 34 The quench rate of the molten cylinder is governed by 
the thermal properties of the material.''"'' In the framework of the thermal spike model, 
the energy deposited into the electronic system is rapidly transferred to the lattice via 
electron-phonon coupling and the energy is confined to a narrow region where the 
atoms thermalize and a molten track is formed (for a-Si02). In metals, the energetic 
electrons spread over a wider region before transferring energy to the lattice, and the 
thermal conductivity of both the electronic and lattice subsystems are much larger than 
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that of a-Si02.-^' Energetic ions do not form latent tracks in crystalline metals, although 
defect annihilation and other effects have been observed."^ 
Given the metallic character of the NCs, with higher thermal conductivity than 
the a-Si02 matrix, we assume that when an energetic ion passes through a NC the 
energy deposited along the NC length is rapidly and uniformly spread within the NC 
volume, but is restrained by the NC boundaries.'^ For example, 185 MeV (89 MeV) Au 
ions deposit energy in Pt at a rate of -50 keV/nm (-30 keV/nm) compared to -17 
keV/nm (-12 keV/nm) in a-Si02. The electronic energy {Ea) deposited per atom in a NC 
varies according to the path length {PL) of the ion inside the NC as well as the NC 
volume (NCy„i) and atomic density ( p ) , and can be estimated by: 
where PL is given by: 




- B ^ (6.2) 
In addition to spheres (where = J , equation (6.2) enables the energy 
calculation to be extended to prolate ellipsoids with dimensions Dminor and ions 
impinging in a direction perpendicular to Dminor at a distance B from the NC axis. Ed 
varies as a function of inverse NC volume, but due to the alignment of Dmajor with the 
incident beam direction, the Dmajor terms from NCy„i and PL cancel out. Hence, the 
energy deposited per atom depends only on D/ninon or equivalently on the NC cross-
sectional area (i.e., spherical and elongated NCs with the same cross-sectional area 
receive the same amount of energy per atom). 
Figure 6.15 shows graphical representations of FG/1200 and FG/1300 samples 
before and after SHII. Ion trajectories for a fluence of IxlO'^ cm"^ are shown, which 
were randomly generated using a Monte Carlo simulation^^ (for details see Appendix 
A). The NC size distributions are those determined by TEM and SAXS (Fig. 6.13). The 
number of particles was also preserved (from TEM), although concentrated in a cube 80 
nm per side. 
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Fig. 6 .15 - Graphical representation of (a),(b) F G / 1 2 0 0 and (c),(d) F G / 1 3 0 0 samples prior and subsequent 
to SHII, respectively. The lines represent the ion paths for an irradiation f luence o f IxlO'^ cm"^. 
The graphics shown in Fig. 6.15 were used to estimate the maximum energy 
deposited in each particle (subsequently converted to energy per atom using Eq.(6.1)) 
by 185 MeV Au ions (Appendix A). The above model, which considers randomly 
distributed particles and ion paths, shows that for low fluences (~10'~ cm ") not all the 
particles were impacted by an ion, while others received multiple hits. Given the low 
irradiation flux used therein and the short time frames of energy transfer predicted by 
the thermal spike m o d e l t h e energy deposited in each event is dissipated before the 
next ion impact, hence, only the highest energy deposition events for each N C were 
considered in the results presented in Table 6.3 and Fig. 6.16. The fraction of atoms that 
received energy f rom an impinging ion relative to the total number of atoms, as well as 
the mean energy per atom for the impacted atom fraction and for the total number of 
atoms are listed in Table 6.3 for FG/1200 and FG/1300 samples irradiated with 185 
MeV Au ions. 
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Tab le 6.3 - Fraction of impacted a toms (Fimp) as well as the mean energy per atom (averaged f rom the 
m a x i m u m energy deposi ted in a single event) for the given Fi^p fraction (Ein,p) and for the total number of 
a toms (E,„,ai) for samples FG/1200 and FG/1300 irradiated with 185 M e V Au ions. 
SHII fluence 
(cm--) 185 MeV I^imp Eimp(eV/atom) Etotai (eV/atom) 
§ 2x10'- 25 ± 1 % 12 .8±0 .1 3.2 ± 0 . 1 
s 2 x 1 0 " 89 ± 1 % 18 .9±0 .1 1 6 . 8 ± 0 . 1 u. 
2 x 1 0 " 1 0 0 % 27.5 ± 0 . 1 27.5 ±0 .1 
8 
2x10'- 61 ± 1 % 4.1 ± 0 . 1 2.5 ± 0 . 1 
1 2 x 1 0 " 99 ± 1 % 7.7 ± 0 . 1 7.6 ± 0 . 1 
2x10'" 1 0 0 % 16 .4±0 .1 16.4 ±0 .1 
Figure 6.16 shows the fraction of atoms and the corresponding maximum energy 
received for FG/1200 and FG/1300 samples after SHII with 185 MeV Au at different 
fluences. The sum of the column heights of each histogram corresponds to the fraction 
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Fig. 6 . 1 6 - Number of impacted a toms as a funct ion of energy per a tom ( f rom Eq. (6.1)). 
As shown in Table 6.3, the fraction of impacted atoms necessarily increases with 
irradiation fluence for both FG/1200 and FG/1300 samples. For the former, Fimp i s 
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lower at low fluences due to the smaller NC cross-sectional area. On the other hand, the 
smaller NC volume results in a higher energy per impacted atom. The increase in the 
mean energy per atom with increasing irradiation fluence for both samples is the 
combined result of the increase in the fraction of energetic atoms and the reduction in 
the NC cross-sectional area (reduction in Dminor as shown in section 6.3). Note that the 
NC size distributions used for the calculations were those from TEM for the given 
irradiation fluence, as shown in Table 6.1. 
The influence of B on Ed (Eq.(6.1)) coupled with the given NC size distributions 
(Fig. 6.15), results in a broad energy distribution for the impacted atoms, as shown in 
Fig. 6.16. The energy required for H desorption is 2.6 eV for bulk Pt and 2.4-4.6 eV 
for Pt clusters.'^' ^^  These values correspond to H adsorbed on the surface and vary as a 
function of cluster size, adsorption site and H coverage. In our case the chemisorbed H 
is potentially distributed over the NC volume."'^ Assuming H desorption when the 
energy per atom (Ed) exceeds 4.6 eV (see dashed line in Fig. 6.16), the process is 
operative at lower fluences for FG/1200 samples since a considerable fraction of the 
atoms receive > 4.6 eV/atom. On the other hand, despite the larger fraction of impacted 
atoms in FG/1300 samples, their energy per atom is insufficient for H desorption. For 
intermediate fluences (2xlO'^ cm "), the NCs change shape, becoming more prolate with 
reduced cross-sectional area (see section 6.3), and consequently the probability of Ed > 
4.6 eV/atom increases. At higher fluences, effectively all NCs receive Ed > 4.6 eV/atom. 
Nevertheless, XANES analysis indicates the presence of residual Pt-H bonding in 
FG/1300 samples (Fig. 6.14). We suggest the greater NC size and H content may lessen 
the relative rate of desorption. Extrapolating to higher fluences, FG/1300 samples would 
achieve a H-free state at - IxlO'^ cm"^ for 185 MeV Au ions. From the analysis shown 
here, we note that it is unclear if the desorbed H remains in the matrix or is completely 
released from the sample. 
6.6 - Structural characterization 
Figure 6.17 shows the Fourier-transformed EXAFS spectra of O2/I2OO and 
FG/1300 samples irradiated with 89 MeV and 185 MeV Au ions. For the H-free 
samples annealed in O2, the amplitude decreases as the irradiation fluence increases, 
consistent with a reduction in CN and increase in MSRD driven by the dissolution of 
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the particles. For samples annealed in FG, however, the amplitude first decreases (< 
2x10'^ cm"^), followed by a sudden increase (2x10'" cm"^). This unusual behavior, as we 
show below, is consistent with a combination of NC dissolution and H desorption, both 
driven by SHII. Refined fitting parameters for the first NN shell are listed in Table 6.4, 
which also shows the asymmetry (C3) of the first NN shell of atoms surrounding a Pt 
absorbing atom. 
(U "O 3 








FG 1300 C 
185 MeV 
1 1 T " 
2 3 4 
Radial Distance (A) 
Fig. 6.17 - Fourier-transformed (non-phase corrected) EXAFS spectra of O2/I2OO and FG/1300 samples, 
irradiated with 89 MeV or 185 MeV Au ions at fluences shown in the graph. 
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Table 6.4 - Structural parameters obtained from first NN shell EXAFS analysis 















2 x 1 0 " cm"^ 
2x10'^ cm 
2x10'"* cm-^ 
12 2.752 ±0 .001 0.0017 ±0 .0001 - 5 ± 1 
9.5 ± 1.0 2.814 ± 0 . 0 0 8 0.0033 ± 0.0002 23 ± 11 
7.5 ± 0 . 7 2.802 ± 0.007 0.0040 ± 0.0002 2 4 ± 12 
6.9 ± 0 . 7 2.787 ± 0.005 0.0048 ± 0.0002 31 ± 15 
9.2 ± 0.9 2.768 ± 0.005 0.0037 ± 0.0003 5 ± 5 
7.1 ± 0 . 8 2.811 ± 0 . 0 0 6 0.0051 ± 0 . 0 0 0 3 37 ± 18 
7.2 ± 0 . 8 2.789 ± 0.007 0.0055 ± 0.0004 3 2 ± 16 



















unir. 9.7 ± 1.1 2.790 ± 0.004 0.0020 ± 0.0002 15 ± 6 
9.4 ± 0 . 9 2.782 ± 0.005 0.0032 ± 0.0003 11 ± 8 
2 x l 0 " c m - ^ 9.0 ± 0 . 8 2.762 ± 0.004 0.0029 ± 0.0003 2 ± 3 
2xl0'^cm-^ 8.1 ± 0 . 8 2.753 ± 0.007 0.0024 ± 0.0002 -8 ± 9 
2xl0'^cm-^ 9.3 ± 1.1 2.781 ± 0 . 0 0 5 0.0035 ± 0.0003 15 ± 8 
2x10'^ cm-^ 8.2 ± 0 . 9 2.758 ± 0.004 0.0026 ± 0.0003 2 ± 3 
I x l O ^ c m " ' 7.9 ± 0 . 8 2.747 ± 0.003 0.0027 ± 0.0002 0 ± 3 
2xl0'^cm-2 7 7 ± 0 . 8 2.750 ± 0.008 0.0023 ± 0.0005 -1 ± 2 
unir. 11.7 ± 0 . 9 2.752 ± 0.002 0.0017 ±0 .0002 0 ± 1 
2xlO'^cm-^ 11.3± 1.2 2.751 ± 0 . 0 0 2 0.0017 ± 0 . 0 0 0 2 6 ± 1 
2x10'^ cm-^ 10.5 ± 1.5 2.750 ± 0.002 0.0022 ± 0.0002 1 2 ± 5 
IxlO'^cm'^ 10.1 ± 0 . 9 2.749 ± 0.003 0.0023 ± 0.0003 1 2 ± 7 
2xl0'^cm-^ 9.7 ± 1.0 2.747 ± 0.005 0.0024 ± 0,0002 11 ± 8 
2xl0 '^cm'^ 11.9 ± 1.0 2.752 ± 0.006 0.0018 ± 0.0003 4 ± 1 
2 x 1 0 " cm - 11.4 ± 0 . 9 2.749 ± 0.003 0.0021 ±0 .0002 6 ± 1 
2 x 1 0 " cm"^ 10.2 ± 0 . 8 2.748 ± 0.003 0.0022 ± 0.0002 2 ± 2 
1x10'^ cm-^ 9.9 ± 0 . 9 2.747 ± 0 . 0 1 2 0.0028 ±0 .0012 9 ± 4 
CN = coordination number, MSRD = mean-square relative displacement, C3 = third cumulant. 
Figure 6.18 shows the evolution of CN, M S R D and bond-length as a function of 
SHII fluence for FG/1200 and FG/1300 samples irradiated at 89 and 185 MeV. Also 
included are O2/I2OO samples irradiated at 27 and 89 MeV. Prior to irradiation, samples 
annealed in FG exhibit lower CN due to H chemisorption, as discussed previously. 
Upon irradiation, samples annealed in O2 show a steady decrease in CN together with 
an increase in M S R D due to N C dissolution and fragmentation. FG/1200 samples also 
exhibit a decrease in CN with a maximum M S R D at intermediate fluences. FG/1300 
samples (with the greatest amount of chemisorbed H) show a C N minimum at 
intermediate f luences with the M S R D exhibiting the opposite trend. The desorption of 
H alone should yield an increase in CN and decrease in MSRD. Dissolution, however, 
takes place simultaneously and is a competing effect, driving the CN and M S R D in the 
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opposite directions to those associated with H desorption. The two influences are 










FG/1300 185 MeV 
• FG/1300 89 MeV 
^ F G / 1 2 0 0 185 MeV 
A FG/1200 89 MeV 
O - 0^/1200 27 MeV 
• 0/1200 89 MeV 
SHIl Fluence (cnn" ) 
Fig. 6 .18 - First N N shell coordination number (top), M S R D (middle) and bond-length (bot tom) as a 
funct ion of SHII f luence. Data obtained f rom E X A F S analysis of O2/I2OO irradiated at 27 and 89 M e V , 
FG/1200 and FG/1300 samples irradiated at 185 or 89 MeV. 
NC dissolution and H desorption both cause a reduction in bond-length observed 
in the bottom panel of Fig. 6.18. The former yields smaller NCs, hence greater capillary 
pressure and thus smaller bond-lengths. The latter yields smaller bond-lengths simply 
due to the absence of H. The reduction in bond-length in samples annealed in FG is 
greater given both processes are operative. 
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In principle, 89 MeV irradiations should cause less H desorption and lesser 
changes in the structural parameters discussed above when compared to 185 MeV 
irradiations. However, for FG/1200 samples the probability that Ed > 4.6 eV/atom is 
high for both energies given the small NC size. Therefore, the H desorption at both 
energies is comparable, as shown in Fig. 6.14 and 6.18. As previously demonstrated, the 
NC Dminor Saturates at smaller values the lower the irradiation energy, hence, FG/1300 
samples irradiated at 89 MeV exhibit smaller cross-sectional area than the same 
particles irradiated with 185 MeV. The smaller energy deposition due to the reduced 
stopping power of 89 MeV ions is thus compensated by the reduced cross-sectional area 
of the NCs, which increase the energy per atom. Less H desorption would be apparent 
only if the NCs had exactly the same size and shape after SHII, which is not the case. 
6.7 - Conclusions 
The effect of swift heavy ion irradiation on Pt NCs embedded in a-Si02 had 
been examined. A shape transformation from spheres to prolate spheroids to elongated 
rods was observed for NCs exceeding an energy dependent threshold diameter, where 
the latter progressively increased as a function of irradiation energy. NCs below this 
threshold remained spherical but decreased in size until eventually dissolved into the 
matrix. The dissolution of Pt NCs was size dependent with smaller particles dissolving 
more rapidly than their larger counterparts for a given irradiation energy and fluence. 
Elongated nanoparticles were also subject to dissolution and, in addition, fragmentation 
via Rayleigh instability. NCs larger than the threshold diameter were progressively 
elongated and the minor dimension of the transformed rods saturated at an energy 
dependent value that increased as a function of irradiation energy. The total electronic 
energy deposition necessary to achieve saturation was determined as a function of NC 
size. As anticipated, larger NCs required greater total energy deposition to reach 
saturation. We have correlated the saturation of the minor dimension of elongated 
particles with the diameter of the molten track in amorphous Si02 and suggest the latter 
confines the irradiation-induced shape transformation. 
The structural properties and H desorption of embedded Pt NCs irradiated with 
27-185 MeV Au ions were also investigated as function of SHII fluence. XANES 
analyses suggested an irradiation-induced H desorption for NCs annealed in EG. NCs 
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with Dmean ~8 niTi showed a significant reduction in H content after complete overlap 
was achieved. H desorption was also observed for NCs with Dmean ~14 nm, though the 
fluence required to achieve a H-free state would be considerably higher, approximately 
IxlO'^ cm"^. Clearly, the NC volume may influence the desorption process. The 
evolution of bond-length, MSRD and CN as a function of SHII fluence and the 
influence of H desorption and NC dissolution on such parameters was also examined. 
The bond-length, that expanded prior to irradiation due to Pt-H bonding, gradually 
decreased for increasing fluences of SHII. The competing effects of NC dissolution and 
H desorption, apparent in the CN and MSRD, were separated by comparison with H-
free samples. 
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This chapter contains the main conclusions and key findings from the research 
presented in this thesis, as well as experimental improvements achieved and possible 
fiiture directions. 
CHAPTER VII - Conclusions 
7.1 - Pt nanocrystal formation 
We successfully formed Pt nanocrystals (NCs) in amorphous Si02 (a-Si02) 
using ion implantation and thermal annealing. Pt NCs preferentially nucleated around 
defects in the a-Si02 matrix, with the largest particles being formed at depths where 
vacancy production was a minimum. As a result, the NCs were smaller and exhibited 
narrower size distributions compared to other metallic NCs produced under similar 
conditions. A means of modifying the size distribution of Pt NCs was introduced by ion 
irradiation of the a-SiOa prior to Pt NC formation, first producing a near-uniform 
concentration of irradiation-induced vacancies over the extent of the SiOi layer. 
The annealing temperature and ambient strongly influenced the Pt NC size. In 
contrast, the implantation fluence had a much smaller effect, with lower fluences 
actually yielding larger sizes as attributed to the defect-mediated nucleation process 
mentioned above. 
A size-dependent bond-length contraction was observed for Pt NCs smaller than 
~3 nm in diameter. For temperatures above 1000°C, however, annealing in forming gas 
yielded Pt-H bonding where the H content increased with increasing annealing 
temperature. The presence of H induced a bond-length expansion, increased atomic 
disorder and lower coordination number. 
Relative to bulk values, the structural disorder and mean vibrational frequency 
increased as the NC diameter decreased. Embedded Pt NCs thus exhibit a size-
dependent stiffening of bonds compared to bulk Pt. The vibrational properties of 
embedded Pt NCs are not significantly influenced by the a-SiOi matrix or H 
chemisorption. The constraint imposed by the matrix can, however, reduce the thermal 
expansion of embedded Pt NCs. 
7.2 - Swift heavy ion irradiation of Pt nanocrystals 
The shape transformation of embedded Pt NCs after swift heavy ion irradiation 
(SHII) was thoroughly characterized. NCs larger than an energy-dependent threshold 
diameter gradually changed from spheres to prolate spheroids to rods aligned in the 
incident ion beam direction. The minor dimension (Dminor) of the NCs decreased until 
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saturation at a value slightly smaller than the diameter of a molten track formed in a-
Si02, suggesting NCs are confined by a temperature/energy barrier. Upon saturation of 
Dminor, Dmajor decreased by dissolution and fragmentation via Rayleigh instability. NCs 
smaller than the threshold diameter for elongation progressively dissolved in the matrix 
but remained spherical. For a given irradiation energy and fluence, dissolution was more 
pronounced for smaller NCs. For a given NC size, dissolution was energy density 
dependent, such that similar results were obtained for different combinations of 
irradiation energy and fluence. 
SHII also induced H desorption from Pt NCs annealed in FG. The H content 
decreased considerably for ~8 nm NCs after fluences necessary for complete surface 
coverage. H desorption was slower in larger NCs, suggesting the process was influenced 
by the particle volume. 
The shape transformation caused negligible changes in the structural parameters 
of the NCs irradiated with swift heavy ions. The H desorption and NC dissolution, on 
the other hand, caused significant changes in the bond-length, structural disorder and 
coordination number. The bond-length gradually decreased for increasing fluences of 
SHII, both due to NC dissolution and H desorption. These two processes had opposite 
effects on the evolution of coordination number and disorder with SHII fluence. 
7.3 - Improvements to experiments and data analysis 
A novel SAXS sample preparation method was developed to enable quantitative 
comparison between samples and avoid scattering contribution from the Si substrate. 
This technique was efficient and is useful not only for SAXS measurements, but also for 
optical and other experimental techniques where the samples must be a self-supported 
thin NC-containing a-Si02 film, especially for angle-dependent measurements. 
A SAXS data analysis routine was also implemented to suit our needs of 
determining both NC dimensions. A method based on the analysis of selected areas of 
the scattered intensity was developed using the well established spherical model and the 
maximum entropy method. Both NC dimensions were recovered yielding excellent 
agreement with TEM results. By applying minimal corrections to the scattering 
intensity, we were also able to compare the volume of scattering centers in each sample. 
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7.4 - Improvements to the understanding of NC formation and 
characterization 
The results shown in this thesis represent an important contribution to the field. 
To the best of the author's knowledge, the formation of Pt NCs in a-Si02 by ion 
implantation is reported here for the first time. The study of defect-mediated nucleation 
of Pt NCs adds to the existing knowledge of NC formation, identifying another means 
by which the NC size can be tailored. The NC structural characterization contributes to 
the understanding of finite size effects on parameters like coordination number, bond-
length and atomic disorder, as well as thermal/vibrational properties. 
This thesis presents the fist evidence of elongation of Pt NCs by swift heavy 
ions. The thorough characterization of irradiated Pt NCs contributes extensive 
experimental evidence to the existing knowledge of the shape transformation 
mechanism, which is still in its early stages. Information about Dminor saturation and its 
relation with the molten track in Si02, as well as the correlation between the changes in 
shape and the energy deposited in the matrix were reported here for the first time. 
With the results presented in this thesis we demonstrate a means by which 
embedded Pt NCs chemisorb H, adding to the widely investigated H adsorption on 
supported Pt NCs. In spite of the latter being regarded as a surface effect, we 
demonstrate that for the NCs produced here the H is distributed over the NC volume 
and the H content decreases upon SHII. 
7.5 - Future directions 
Future work could include the quantification of the H content in samples 
annealed in FG for the development of a calibration curve for the XANES analysis. As 
part of this thesis, several analytical techniques (nuclear reaction analysis and secondary 
ions mass spectroscopy) were briefly investigated but without success. 
The structural properties of free-standing Pt NCs, including the 
thermal/vibrational properties and the influence of H chemisorption/desorption without 
the interference of the a-SiOi matrix should be examined. A suitable chemical treatment 
to remove the matrix and possibly further improvements in sample preparation methods 
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would be required. Although no changes in shape are expected for free-standing NCs, 
given the necessity of a matrix for the elongation process to be operative, the SHII of 
such particles could yield insight in to the H desorption process. 
The effects of SHII on metallic and semiconductor NCs including the shape 
transformation mechanism are far from understood. The experimental evidence shown 
in this thesis needs to be combined with theoretical models and results from other 
metallic and semiconductor NCs to yield a more comprehensive body of knowledge and 
enable the effective use of swift heavy ions in the fabrication of nanoscale materials 
with technological applications. 
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APPENDIX A 
ENERGY DEPOSITED PER ATOM 
This appendix contains the computational code used to calculate the energy deposited 
per atom presented in Chapter VI, section 6.5. 
A P P E N D I X A - Energy deposited per atom 
The following Mathematica* code was used to generate the 3D visual graphics 
shown in Fig. 6.16, from which the energy deposited per atom was calculated (Table 6.3 
and Fig. 6.17). Random Gaussian NC size distributions were generated with mean value 
and standard deviation as determined by TEM. SHII fluences used here were the same 
as in the experimental results shown in Table 6.4, with the areal position of the ion 
impact randomized by Monte Carlo method. The particle density was determined from 
the mean NC size keeping a constant Pt concentration (determined from the 
implantation fluence). 
3D NC model 






n= 15.i*sampiesize^/(4/3 7:*(MeanR)'); 
ionposition=Table[RandomReal[ {-samplesize,samplesize}, {2) ], {n2) ]; 
ionx=ionposition[[All, l]]; 
iony=ionposition[[All,2]]; 
A=Tabie[ {ionx[[a]],iony [[a]],-100), {a, 1 ,n2) ]; 
B=Table[{ionx[[a]], iony[[a]],100},{a,l ,n2}]; 
AI=Table[{A[[a]] ,B[[a]]) ,{a , l ,n2}];Table[NCposi t ion=RandomReal[{-
samplesize,samplesize) ,3] ;NCradius=RandomReal[NormalDistr ibut ion[MeanR,sigma]]; {RGBColor[ 1,0. 
8,0.1 ],Thick,Line[A 1 ] ,Green,Sphere[NCposit ion,NCradius]) ,{n}], 
P lo tRange^90 , ImageSize^ {300,300} ], 
Delimiter,{{lonPluence.O.01 ,"Ion Fluence (ions/nm^)") ,0.01,1,0.01}, 
I {sr, 12342,"new random configurat ion") , 1,100000,1}] 
http://www.wolfram.com 
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(Debug) Out|181= 
Ion F luence (ions/nm^) 
new random conf igurat ion Q -
Energy deposited per atom 
Input variables 
samplesize=200; (* nm *) 
IonFluence=0.02; 0.01 nm'^-2, l O ' ^ B ^ 0.1, 10^^14^ 1*) 
meanNCradius= 4.2; (* nm *) 
s igma=l ; 
(*A11 the NCs in one nm'^2 of sample ocupy a total volume of 15.1 nm'^3*) 
Ionnumber=IonFluence*samplesize^; 
NCnumber=(15.1*samplesize^)/(4/3 7r*meanNCradius^); 
NCradius=Table[RandomReal[NormalDistr ibution[meanNCradius,sigma]], {NCnumber) ]; 
NCposi t ion=Table[RandomReal [ {-samplesize,samplesize) ,2], {NCnumber) ]; 
Ionposit ion=Table[RandomReal [ {-samplesize,samplesize} ,2], {lonnumber} ]; 
Needs["Histograms" ' ] 
NCpx=NCposi t ion[[All , l ] ] ; 
NCpy=NCposit ion[[All ,2]] 
Ionpx=Ionposit ion[[All , l ]] 
Ionpy=Ionposition[[All,2]] 
Ed={}; 
max imumEd=(} ; 
D O [ B = V ( N C p x [ [ i ] ] - I o n p x [ [ j ] ] ) ^ + ( N C p y [ [ i ] ] - l o n p y [ [ j ] ] ) ^ . 
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Histogram[Ed[[All, 1 ]],HistograinRange^ {0,15},AxesLabel^{ "Energy Deposited 
(e V/atom)" ,Freq uency} ] 
Print["% of NCs that were hit by ions = ",(Length[same]* 100)/NCnumber] 
Print["Mean Energy deposited = ",Mean[Ed[[All,l]]]," eV/atom"] 
Length [same] 
MatrixForm[Ed] 
Export["B 12_2el 2.dat" ,MatrixForm[Ed]] 
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